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Orbital pumping by magnetization dynamics in ferromagnets
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We show that dynamics of the magnetization in ferromagnets can pump orbital angular momentum, a
phenomenon we refer to as orbital pumping. This is the reciprocal phenomenon to orbital torque that induces

magnetization dynamics by the orbital angular momentum in nonequilibrium. The orbital pumping is analogous
to the spin pumping established in spintronics, but it requires spin-orbit coupling for the orbital angular
momentum to interact with magnetization. We develop a formalism that describes the generation of orbital
angular momentum by magnetization dynamics within the adiabatic perturbation theory. Based on this, we
perform first-principles calculations of orbital pumping in prototypical 3d ferromagnets, Fe, Co, and Ni. Results
show that the ratio between orbital pumping and spin pumping ranges from 5% to 15%, being smallest in Fe
and largest in Ni. This implies that ferromagnetic Ni is a good candidate for measuring the orbital pumping.
Implications of our results on experiments are also discussed.

DOI: 10.1103/PhysRevB.111.1.140409

Injection of spin into a ferromagnet (FM) can induce
magnetization dynamics, which is called spin torque [1-5].
The reciprocal effect known as spin pumping can gener-
ate nonequilibrium spin by magnetization dynamics [6—10].
The spin torque and pumping have played pivotal roles in
spintronics as means of manipulating the magnetization and
generating spin currents, respectively [11,12]. In general,
however, the physical mechanism of magnetization dynamics
is governed by transfer of the angular momentum [13,14],
which is not restricted to the spin. As a result, a recent theory
has shown that nonequilibrium orbital angular momentum
(OAM) can also induce magnetization dynamics [15], which
is denoted by orbital torque. A crucial difference between the
spin torque and the orbital torque is that the orbital torque
requires spin-orbit coupling (SOC) because local moments
in a ferromagnet are coupled to spin by the exchange inter-
action, and the OAM interacts with magnetization indirectly
via SOC. Thus, the orbital torque depends sensitively on the
way the spin and orbital characters are entangled for the states
near the Fermi energy [14,16]. The orbital torque has been
measured in several experiments in recent years, via the sign
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change, crucial dependence on the choice of a ferromagnet,
and orbital-to-spin conversion [16-24].

A natural question that arises is what are the properties of
the reciprocal phenomenon to the orbital torque. We may refer
to this effect by orbital pumping, the generation of nonequi-
librium OAM from magnetization dynamics, whose concept
is schematically illustrated in Fig. 1. Recently, Hayashi et al.
reported an experimental observation of the orbital pumping
in Ti/Ni bilayers [25]. Here, ferromagnetic resonance gener-
ates OAM together with spin in Ni, which is injected across
the interface. The injected OAM in Ti is electrically measured
by using the inverse orbital Hall effect, where the inverse spin
Hall effect is negligibly small due to small SOC [26-28]. This
result is consistent with the recent observation of large orbital
Hall effect in Ti [27] and orbital torque measurement that finds
pronounced torque response when Ni is used as a ferromagnet
[23]. Interestingly, Hayashi et al. found that the signal is
significantly suppressed in Ti/Fe bilayers [25], implying that
the orbital pumping is less pronounced in Fe. One may ask
why orbital pumping differs in Fe and Ni. This motivates us
to investigate its microscopic origin and perform quantitative
evaluation of the orbital pumping in 3d ferromagnets.

In this Letter, we develop a formalism describing the or-
bital pumping within the adiabatic perturbation theory and
derive a Green’s function expression for the generation of
the OAM by magnetization dynamics. From first principles,
we compute the orbital pumping in ferromagnetic Fe, Co,
and Ni. We show that the orbital pumping is a concomitant
effect of the spin pumping due to the SOC and thus exhibits
a Hund-rule-like behavior [29,30], evolving from the negative
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FIG. 1. In the presence of the SOC in a FM, magnetiza-
tion dynamics induces nonequilibrium OAM of electrons, which
we denote by orbital pumping. The donut schematically shows
=2, m=2)=(]x* — y?) + i|xy))/~/2 wave function, where the
color represents the complex phase.

to the positive value as the occupation number of the d shell
increases. The magnitude of the orbital pumping ranges from
5% to 15% of that of the spin pumping in Fe, Co, and Ni,
being smallest in Fe and largest in Ni. This result is in agree-
ment with the recent experiment measuring significant orbital
pumping contribution in Ti/Ni [25], but nearly complete sup-
pression of the signal in Ti/Fe and Ti/Co cannot be explained
by the bulk property of Fe alone.

We define the orbital pumping as the response of 9, (L) to
the magnetization dynamics, where L is the OAM operator.
This can be formally written as a linear response expression,

0(La) =Y Xbyp(ii x 1), ey
B

where m is the unit vector of the magnetization, and «, 8 are
Cartesian indices. Note that m x d,1h acts as a generalized
force, pointing in the direction of Gilbert damping. As shown
in Fig. 1, 9, (L) can be conveniently decomposed into fieldlike
and dampinglike components, which point in the directions
of d,1h and m x 9,1, respectively. Let us consider a situation
of the magnetization precessing around a certain axis (grey
arrow) with the cone angle 6, and angular frequency w. For
convenience, let us define Cartesian coordinates such that x, y,
and z are axes parallel to d,1h, m x J,/, and m, respectively.
From Eq. (1), we find 0, (L)p. = )A(XXL},w sin 6, and 9, (L)p, =
SfxyLyw sin 6., where w sin 6, is the norm of m x d,/. Both
the fieldlike and dampinglike components have AC responses,
but the projection of the dampinglike component on the pre-
cession axis generates a DC response, which is given by
X\fyw sinf,. We emphasize that assuming that 6, is small
enough, which is the case for prototypical 3d ferromagnets
[31-33] (6. <1 —10°), xk; may be computed for a fixed
configuration of t along an easy axis. Experimentally, 6. can
be obtained by the microwave photoresistance measurement
[34]. Meanwhile, when the electronic structure undergoes sig-
nificant changes due to variations in m, the orbital pumping
coefficient can be calculated along the trajectory of m and
integrated over the cycle, in a manner similar to the theory
of adiabatic charge pumping [35-37].

To evaluate X(f,g from the electronic structure, we apply
the adiabatic perturbation theory [38], in which m evolves
slowly enough for the electronic eigenstates to evolve adiabat-
ically without making transitions. Note that the magnetization
dynamics in GHz range, which corresponds to 107° eV,
is sufficiently slower than the dynamics of electrons. From
this, we derive a Green’s function’s expression for X(fﬁ (see
the Supplemental Material [39]) in the Bastin-Smrcka-Stfeda
form [40-42] of the Kubo formula [43],

h
XcIZﬂ.even = E/dg (e f)
X Tr[Th (GR — GMTAGR —GM)],  (a)

h
Xolzﬂ,odd = E/dgf
X Tr[ T (GR = GMTL 0GR + 0eGM)
— T (0GR + 0 G Tl (GR — GM]. (@b)

where GR/A = 1/(€ — Hit i) is the retarded/advanced
Green’s function, H is the total Hamiltonian, and & is
the energy. The energy broadening I' effectively describes
the relaxation of the electron quasiparticles by scatter-
ings. The Fermi-Dirac distribution function f is defined
at energy £. The operators Tuft"‘ = [Ly, Hiotl/ih and TXS” =
[Sg, Hxcl/ihi = J(r)m x S are the total torque on the o
component of the OAM and the exchange torque on the
component of the spin, respectively. Here, Hxc = J(r) m - S
is the exchange potential. In Eq. (2), we adopt the decompo-
sition depending on the time-reversal parity of the response
[44]. Meanwhile, the analogous expression of Eq. (1) for
the spin pumping can be obtained by replacing L, by S,
in Eq. (2), which agrees with the expression derived in
Refs. [45,46].

On the other hand, the linear response expression for the
orbital torque is given by

(Te) = D XapBj &)

B

where B?, is an effective field that couples to the OAM by
the Zeeman interaction H; = By - L. It effectively describes
a situation where non-equilibrium OAM is induced, for exam-
ple, by orbital Hall effect [47—49] or orbital Edelstein effect
[50-52]. Note that both 9, (Hy) = 9,(L) - Bl and 9,(Hxc) =
(TXSC> - (M x d,m) = (JS) - 9,/ have the unit of power. The
expression for )?/éa can also be derived similarly to Eq. (2), by
which the reciprocal relation

Xaip = Xp @)
can be explicitly shown [39]. We quantitatively evaluate the
spin pumping and orbital pumping in prototypical 3d ferro-
magnets: bee Fe, hep Co, and fce Ni. We set the magnetization
m = —Z. Details of the computational method can be found
in the Supplemental Material [39]. For all Fe, Co, and Ni,
only x% cen and X} en are nonzero for the 7-even part
[Eq. (22)], and only x5 44 and x . are nonzero for the

T-odd part [Eq. (2b)], where 7T 1is the time reversal. This
constraint comes from the 7M symmetry of the systems,
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TABLEI. The ratio between the orbital pumping and spin pump-
ing in Fe, Co, and Ni for the diagonal and off-diagonal responses, —
obtained for I' = 25 and 100 meV of the energy broadening. g
=
Material X;/xfx (%) X,CLy/XXSy (%) >O \
Fe (25 meV) 6.08 4.38 N
Co (25 meV) 9.87 9.62 —~
Ni (25 meV) 11.08 15.10 n
Fe (100 meV) 7.19 4.39 2
Co (100 meV) 9.53 9.32 3 3
Ni (100 meV) 10.64 14.12 & — EMC [oV]

where M is the reflection with respect to a mirror plane con-
taining the magnetization [39]. Therefore, we drop “even” and
“odd” in the subscript of ., and x;, in the discussion below.
We remark that the diagonal and off-diagonal components of
the response tensor correspond to dampinglike and fieldlike
torques, respectively.

The results for the ratios xi /x5 and x[/x3 are
summarized in Table I. The ratios are between 5% and
15%, and the magnitudes are in the order of Fe < Co < Ni.
We find that the ratios are nearly the same for the two
chosen values of the energy broadening I', 25 and 100 meV,
implying that the relative magnitude between the orbital
pumping and spin pumping is robust with respect to the
degree of disorder. In order to understand what makes Fe, Co,
and Ni different, we investigate Fermi energy dependence of
both diagonal (xJ, and x[;) and off-diagonal (x5, and x%)
components of the response, which are shown in Figs. 2(a),
2(b) and Figs. 2(c), 2(d), respectively. The sign for the spin
pumping [Figs. 2(a) and 2(c)] remains positive over a wide
range of energy because the spin pumping is mainly due to

FIG. 3. Correlation between L and S at the Fermi surface.

the exchange spin splitting. The orbital pumping, however,
exhibits gradual change of the sign, from negative to positive
values [Figs. 2(b) and 2(d)]. We confirm that the orbital
pumping is linearly proportional to the SOC strength and
vanishes if SOC is switched off [39]. That is, the orbital
pumping is a secondary effect following the spin pumping
by the SOC. This also explains the small magnitude of the
orbital pumping [Figs. 2(b) and 2(d)] compared to the the
spin pumping [Figs. 2(a) and 2(c)] by an order of magnitude.
For transition metals, Hund’s third rule [29,30] states that
when the d shell is approximately less than half-filled, the
correlation between L and S is negative, (L -S) < 0, thus
the spin pumping and orbital pumping exhibit the opposite
signs. When the d shell is more than half-filled, the correla-
tion becomes positive (L - S) > 0, thus the spin pumping and
orbital pumping have the same sign. The correlations between
L and S for the states at the Fermi surface in Fe, Co, and
Ni are shown in Fig. 3. In all Fe, Co, and Ni, (L - S) evolve

— Fe - Co  ——- Ni
005 s -
= 00101 i
S 0.005 MO
< o Pl SO N
= 0000 ;,
_ 5 v
5 —0.005
=< —0.010
—0.015
5 4 -3 2 -1 o0 1 2 3
: 0.15
= 1.0 =) 0.10
S 08 S 005
£ g o
= =
< 0.4 = —0.051
02 0]
0.0 —0.15
5 4 3 2 5 4 -3 2 -1 o0 1 2 3
& — EF [oV] & — EF [oV]

FIG. 2. The plots of the Fermi energy (£¢) dependence of (a) x5 and (b) x%, for the spin pumping and orbital pumping, respectively. The
same plots for Xxsy and XXL}, are shown in (c) and (d), respectively. The energy broadening is set to I' = 25 meV in evaluating Eq. (2). The Fermi
energy is varied with respect to the true value £ within the rigid band approximation.
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FIG. 4. The plots of the energy broadening (I') dependence of
(@) x5 and (b) x%, for the spin pumping and orbital pumping,
respectively. The same plots for X‘fy and XXL)- are shown in (c) and
(d), respectively.

from negative values to positive values as the Fermi energy
gradually increases. Note the stark resemblance between
Figs. 2(b) and 3, which clearly demonstrates the crucial role of
the correlation between the orbital and spin angular momenta
in the orbital pumping.

In general, we find that the diagonal component [Figs. 2(a)
and 2(b)] exhibits more rapid variation as a function of the
energy, as compared to the off-diagonal component [Figs. 2(c)
and 2(d)]. This is because the T-even [Eq. (2a)] and T -odd
responses [Eq. (2b)] capture the contributions at the Fermi
surface and from the Fermi sea, respectively. At zero tem-
perature, Eq. (2a) becomes

h
Xapeven = p Z ZAnk(gF)Amk(gF)
k nm

x Re[ (Wt T W) (W Tl [ W) ], (5)

where Y,k is the Bloch state with band index n and crys-
tal momentum k, and A, (&g) = T'/[(Er — Ew)? + 2] is the
spectral function at the Fermi energy, and &, is the energy
dispersion. On the other hand, the 7-odd response [Eq. (2b)]
has an intrinsic limit even in the zeroth order of I,

Xzfﬂ,odd ~ h Z Z(fnk — fuk)

k n#m

» Im[(iﬂnletgfIwmk)(llfmle;éllﬁnk)]
(Enk - gmk)z '

where f,x is the Fermi-Dirac distribution function.

Because of this, the diagonal and off-diagonal responses
exhibit different behaviors as a function of the energy broad-
ening I'. Figures 4(a) and 4(b) show the I' dependence of
x5 and xL, respectively. Interestingly, both of them ex-
hibit nonmonotonic behavior. They tend to increase from the

(6)

ultraclean regime (I' & 0) to the moderately clean regime
(I' ~ 10~! eV), but as I further increases toward a disordered
regime (I' ~ 1 eV) the magnitudes start to decrease. This
suggests that samples need to be moderately clean but not too
clean to have sizable magnitude of x5 and x’. We emphasize
that expressions like Eq. (5) often exhibit a conductivity-like
o 1/T" behavior because the band-diagonal term (n=m) is
proportional to A,k (Er)Ax(EF) ~ (w/T)8(Ek — k) in the
small I limit [44,53]. However, x> and x. show a quadratic
o I'? behavior because the band-diagonal component of the
torque-torque correlation in Eq. (5) is absent. Therefore,
spectral mixing of bands at the Fermi energy is crucial
for x5 and xL. We note that nonmonotonic dependence
on the broadening has been found in the study of Gilbert
damping [54,55].

On the other hand, xJ, and x5, shown in Figs. 4(c) and
4(d), respectively, are stable up to moderate strength of the
broadening, displaying a typical intrinsic behavior. In general,
we find that the spin pumping [Figs. 4(a) and 4(c)] is more ro-
bust with respect to I' when compared to the orbital pumping
[Figs. 4(b) and 4(d)]. This is because the relevant energy scale
of the spin pumping is the exchange interaction, which is of
the order of ~1 eV. In contrast, the SOC is necessary for the
orbital pumping, whose energy scale is an order of magnitude
smaller than the exchange interaction.

The experimental work by Hayashi et al. measured the DC
component of the orbital pumping [25], which corresponds
to xLwsin?@, in our theory. They found that the orbital
pumping is significant in Ti/Ni while the effect is nearly
absent in Ti/Fe, which seems consistent with our theoretical
calculation. However, the numerical value of XxLx for Ni is ap-
proximately three times larger than that for Fe, which cannot
explain almost complete suppression of the signal in Ti/Fe
and Ti/Co samples. Therefore, we conclude that the orbital
pumping in the bulk ferromagnet alone cannot explain the
experimental result. We speculate that the OAM transmission
or transparency at the interfaces of Ti/Fe and Ti/Co could
be much lower than that at the Ti/Ni interface. Meanwhile,
another experimental work [56] reports substantial amplitude
of the orbital pumping in Ti/Co.

Recent terahertz spectroscopy experiments have revealed
that ferromagnetic Ni can generate the OAM by laser exci-
tation [57-59]. Although the dynamics of magnetic moments
is incoherent, which is different from the ferromagnetic reso-
nance, we remark that the DC component projected onto the
precession axis does not cancel as it is phase -independent
(Fig. 1). Thus, our results imply that excitation of incoherent
magnons by laser or temperature can induce OAM. In par-
ticular, we predict that when the gradient of such excitation
is present, so-called orbital Seebeck effect may appear by a
mechanism similar to orbital pumping. Recently, E1 Hamdi
et al. showed that a temperature gradient can generate or-
bital currents, which is electrically measured via the inverse
orbital Edelstein effect [60]. The experiment suggests that
6% of the OAM is injected compared to the spin for ferro-
magnetic Permalloy, which is in reasonable agreement with
our calculation (Table I). In ferromagnets with low crystal
symmetry, another mechanism that induces OAM from the
thermal fluctuations of magnetic moments is via magnon-
mediated chirality [61], which can result in an anomalous
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behavior of the g factor as a function of the temperature
[62]. The OAM can also be generated by combining the spin
pumping and the spin-to-orbital conversion, which can be
achieved by adding an insertion layer with strong SOC such
as Pt [63,64]. This could be a promising route to enhancing
the orbital pumping by overcoming the limitation due to the
weak SOC of the FM.

Spin pumping is known to enhance Gilbert damping due
to loss of angular momentum from the magnetization to
electrons [6,7], which has been demonstrated in experiments
[65,66] as well as by first-principles calculations [67]. Analo-
gously, the orbital pumping is generally expected to increase
Gilbert damping as OAM is transferred from the magneti-
zation to electrons, considering the conservation of the total
angular momentum. However, as we have shown by our first-
principles calculations (Fig. 2 and Table I), orbital pumping
is an order of magnitude smaller than spin pumping. This
implies that the orbital pumping contribution to the damping
enhancement would be smaller than the spin pumping con-
tribution. This is consistent with the experiment by Hayashi
et al., which found that the variation of Gilbert damping is not
appreciable in Ti/Ni bilayers [25].

Previously, the theory of spin pumping was developed
within the magnetoelectric circuit theory [6,7], which relies on
the boundary condition together with the conservation of the
total spin. However, its generalization to the orbital pumping
is far from straightforward, because the conservation of the
OAM is strongly violated due to its coupling to the lattice
[14,68]. Note that Ref. [69] obtained result analogous to the
spin pumping theory in the limit where the OAM is con-
served. Meanwhile, first-principles calculations of the orbital
pumping in prototypical magnetic bilayers can be found in
Ref. [70], which qualitatively confirms our conclusions and

discusses the role of orbital injection through the interface of
transition metals.

In conclusion, we have developed a theoretical formalism
that describes the orbital pumping in ferromagnets. Unlike
the spin pumping, the orbital pumping crucially depends on
the SOC. We have performed first-principles calculations on
ferromagnetic Fe, Co, and Ni for quantitative estimation of the
orbital pumping. The results shows that the orbital pumping is
strongest in Ni and weakest in Fe, and its magnitude ranges
from 5% to 15% compared to the magnitude of the spin
pumping. Our work opens the possibility of generating the
OAM by magnetization dynamics and serves as a guideline
for experiments.
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