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The spin-mixing conductance (SMC) is a key quantity determining efficiency of spin transport across
interfaces. Thus, knowledge of its precise value is required for accurate measurement of parameters quantifying
numerous effects in spintronics, such as spin-orbit torque, spin Hall magnetoresistance, spin Hall effect, and spin
pumping. However, the standard expression for SMC, provided by the scattering theory in terms of the reflection
probability amplitudes, is inapplicable when strong spin-orbit coupling (SOC) is present directly at the interface.
This is the precisely the case of topological-insulator/ferromagnet and heavy-metal/ferromagnet interfaces of
great contemporary interest. We introduce an approach where first-principles Hamiltonian of these interfaces,
obtained from noncollinear density functional theory (ncDFT) calculations, is combined with charge-conserving
Floquet-nonequilibrium-Green-function formalism to compute directly the pumped spin current ISz

L into semi-
infinite left lead of two-terminal heterostructures Cu/X/Co/Cu or Y /Co/Cu—where X = Bi2Se3 and Y = Pt
or W—due to microwave-driven steadily precessing magnetization of the Co layer. This allows us to extract an
effective SMC as a prefactor in ISz

L versus precession cone angle θ dependence, as long as it remains the same,
ISz ∝ sin2 θ , as in the case where SOC is absent. By comparing calculations where SOC in switched off versus
switched on in ncDFT calculations, we find that SOC consistently reduces the pumped spin current and therefore
the effective SMC.
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Introduction. The spin-mixing conductance (SMC)

g↑↓ =
∑
n,m

[δnm − (r↑↑
nm )(r↓↓

nm )∗], (1)

is a quantity introduced by the scattering theory [1,2] of quan-
tum transport of electrons to describe behavior of their spin
as they reflect at interfaces between a ferromagnetic metal
(FM) and a normal metal (NM). Here rσσ

nm is the reflection
probability amplitude for electron in incoming conducting
channel m with spin σ =↑,↓ to end up in outgoing channel n
with spin σ . For example, when an electron impinges from the
NM side onto the NM/FM interface, with its spin noncollinear
to FM magnetization, the spin will rotate upon reflection with
its transverse components (with respect to the magnetization)
being given by the real and imaginary part of g↑↓ [1]. Al-
though g↑↓ = Re(g↑↓) + iIm(g↑↓) is a complex number, for
Ohmic NM/FM interfaces Im(g↑↓) becomes negligible due
to random phases of rσσ

nm [3–6].
Since interfacial spin transport plays a key role in nu-

merous spintronic phenomena—such as spin-transfer [1] and
spin-orbit [7–9] torques, spin Seebeck effect [10], spin Hall
magnetoresistance [11], spin pumping [2], and the inverse
spin Hall effect driven by spin pumping [12–14]—a precise
value of g↑↓ is crucial to extract correctly parameters quan-
tifying these effects from experimental measurements [15].
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For example, using an overestimated value of g↑↓ yields
underestimated value of the spin Hall conductivity and the
corresponding spin Hall angle.

In particular, SMC governs the magnitude of spin current
IS = (ISx , ISy , ISz ) [2]

IS = h̄

4π

[
Re(g↑↓) m × dm

dt
+ Im(g↑↓)

dm
dt

]
, (2)

pumped (in the absence of any bias voltage) by the precessing
magnetization, with unit vector m(t ), of FM layer into the
adjacent NM layer, as illustrated in Fig. 1. The precession
is typically driven by the absorption of microwaves under
the ferromagnetic resonance conditions. While ISx and ISy

oscillate harmonically in time with the same frequency ω of
m(t ) precession (i.e., frequency of microwaves driving it), ISz

is dc spin current.
The spin pumping is interfacial phenomenon in the sense

that its magnitude increases with decreasing thickness of the
FM layer [16]. Since spin pumping means loss of angular mo-
mentum (assuming that NM layer is spin sink, which prevents
backflow of spins into the FM layer [2]), standard experimen-
tal procedure [15] to estimate g↑↓ fits Gilbert damping αG as
a function of the thickness dFM of the FM layer by a formula

αG = αintr
G + g↑↓

dFM

gμB

4πMs
. (3)

Here αintr
G is the thickness-independent intrinsic damping

[18,19] of the FM material, Ms is its saturation magnetization,
g is the gyromagnetic ratio, and μB is the Bohr magnetron.
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DOLUI, BAJPAI, AND NIKOLIĆ PHYSICAL REVIEW MATERIALS 4, 121201(R) (2020)

FIG. 1. Schematic view of TI/FM or HM/FM bilayers, with FM
composed of five monolayers (MLs) of Co(0001), attached to two
semi-infinite NM or HM leads: (a) TI = 1 quintuple layer (QL) or 6
QLs of Bi2Se3(0001) with left and right Cu(111) NM leads; (b) HM
= 4 MLs of Pt(111) with left Pt(111) lead and right Cu(111) lead; and
(c) HM = 4 MLs of W(001) with left W(001) lead and right Cu(111)
lead. The heterostructures are infinite in the transverse direction, so
that the depicted supercells are periodically repeated within the yz
plane. The time-dependent magnetization mCo(t ), which is precess-
ing with frequency ω and cone angle θ around the z axis, pumps spin
[2] and charge [16,17] currents along the x axis into the semi-infinite
leads in the absence of any bias voltage between the macroscopic
reservoirs into which the leads terminate.

However, other mechanisms—such as two-magnon scattering
[15] and spin memory loss [14,20,21]—can add contributions
to αG, so that using Eq. (3) to fit experimental data can lead to
substantial overestimate of g↑↓ [15].

This problem can be resolved by using g↑↓ obtained from
first-principles quantum transport calculations in a formula for
αG with two additional terms [15], describing two-magnon
scattering and spin memory loss, whose values are then fitted
to experimental data. However, Eqs. (1) and (2) cannot be
used to obtain pumped current from NM/FM interfaces when
strong spin-orbit coupling (SOC) is present directly at the
interface [2,22]. The interfacial SOC will render r↑↓

nm �= 0 and
r↓↑

nm �= 0, which is not taken into account by Eqs. (1) and
(2). This is precisely the case of topological-insulator/FM
(TI/FM) and heavy-metal/FM (HM/FM) interfaces em-
ployed in spin-orbit torque [7–9] and spin-pumping-to-charge
conversion [23–28] devices where strong SOC is introduced
by TI or HM layers, as illustrated in Fig. 1. For such devices,
first-principles quantum transport methods developed to com-
pute g↑↓ by combining [3,4,6] Eq. (1), or its equivalent [5] in
terms of steady-state nonequilibrium Green functions (NEGF)
[29], with density functional theory (DFT) are inapplicable.

Nonetheless, an effective SMC, geff
↑↓, can be defined as

the prefactor of dc pumped spin current versus precession
cone angle θ [see Fig. 1 for illustration], as long as one can
compute ISz (θ ) directly and this dependence remains the
same, ISz (θ ) = h̄ω

4π
geff

↑↓ sin2 θ , as in Eq. (2) [with neglected
Im(g↑↓)] for interfaces without SOC. The methods developed
to compute ISz (θ ) in the presence of interfacial SOC include
the Floquet-nonequilibrium Green function (Floquet-NEGF)
[17,30] and the Kubo formalisms [31]. However, they have
only been applied to simplistic models of FM/NM bilayers

where SOC, such as the Rashba one [32], is introduced
by hand strictly at the interface [17,25,30,31]. On the
other hand, realistic HM/FM or TI/FM bilayers involve
hybridization of wave functions of the two materials and
proximity effects [20,33] introducing SOC on the FM side or
magnetic ordering on the HM and TI side. These effects can
hardly be captured by simplistic models and instead require
first-principles Hamiltonians. We show spectral functions on
the spin-orbit proximitized [34] monolayer of Co at interfaces
of heterostructures in Fig. 1 in the Supplemental Material
(SM) [35].

In this Rapid Communication, we introduce a framework
which directly and nonperturbatively computes pumped spin
current across interfaces with strong SOC between realistic
materials by combining first-principles Hamiltonian, ob-
tained from noncollinear DFT (ncDFT) calculations [38,39],
with charge conserving Floquet-NEGF formalism [17,30].
To illustrate applications of such Floquet-NEGF + ncDFT
framework, we consider TI/FM and HM/FM interfaces with
TI = Bi2Se3 and HM = Pt or W, which are of great contem-
porary experimental [15] and technological [28] interest. The
two-terminal heterostructures hosting such interfaces are il-
lustrated in Fig. 1—Cu/Bi2Se3/Co/Cu [Fig. 1(a)], Pt/Co/Cu
[Fig. 1(b)], and W/Co/Cu [Fig. 1(c)]—where precessing
magnetization of Co FM layer pumps spin current into the
semi-infinite Cu, Pt, or W leads in the absence of any bias
voltage between the macroscopic reservoirs into which such
leads terminate. Note that instead of semi-infinite-NM/semi-
infinite-FM bilayer geometry used in the direct computation
of SMC [3–6] via Eq. (1) in the absence of SOC, we use
two semi-infinite Cu NM leads in Fig. 1(a) because the TI
layer is insulating in the bulk and cannot be semi-infinite (in
the SM [35], we consider a semi-infinite TI layer but shift
Fermi energy artificially outside of its gap to mimic possible
doping of TI). Similarly, in order to avoid the semi-infinite
FM layer, which would require a time-dependent right macro-
scopic reservoir that is cumbersome to handle in NEGF-based
time-dependent quantum transport theory [40], we insert right
semi-infinite Cu lead in Figs. 1(b) and 1(c).

The pumped spin current into the left (L) NM lead of
these heterostructures exhibit standard angular dependence
[2] ISz

L ∝ sin2 θ , as confirmed in Fig. 2. This makes it possible
to extract the effective SMC as

geff
↑↓≡4π

h̄ω
ISz

L

∣∣∣∣
θ=90◦

. (4)

Thus-obtained values for geff
↑↓ are given in Table I.

First-principles Floquet-Hamiltonian from ncDFT cal-
culations. The equilibrium single-particle spin-dependent
Kohn-Sham (KS) Hamiltonian of heterostructures in Fig. 1 is
given by HKS = −h̄2∇2/2m + VH + Vext + VXC + VSOC −
σ · BXC within the ncDFT [38,39]. Here VH(r), Vext (r), and
VXC(r) = δEXC[n(r), m(r)]/δn(r) are the Hartree potential,
external potential, and the exchange-correlation (XC) poten-
tial, respectively; VSOC is additional potential due to SOC;
σ = (σ̂x, σ̂y, σ̂z ) is the vector of the Pauli matrices; and the XC
magnetic field, BXC(r) = δEXC[n(r), m(r)]/δm(r), is func-
tional derivative with respect to the vector magnetization den-
sity m(r). The extension of DFT to the case of spin-polarized
systems is formally derived in terms of m(r) and total electron
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FIG. 2. The angular dependence of dc spin currents pumped by precessing magnetization of 5 ML of Co into the left, ISz
L , and the right,

ISz
R , semi-infinite leads of TI/FM and HM/FM heterostructures in Fig. 1. The type of TI (such as 1 QL or 6 QL of Bi2Se3) or HM layer (such

as 4 ML of Pt or W) is indicated by the legend on the top. Upper (lower) panels indicate that SOC is switched off (switched on) in ncDFT
calculations. The dotted black line is for semi-infinite-Cu/Co/semi-infinite-Cu heterostructure [5] used as a reference. Note that in the case
of 6QL-Bi2Se3/Co heterostructure, the curve is multiplied by a factor 103 or 10 in panels (a) and (c), respectively. We use kx × ky = 25 × 25
grid, Nmax = 2, and h̄ω = 1 meV in all panels.

density n(r). In the collinear DFT m(r) points in the same
direction at all points in space, while in ncDFT m(r) can point
in an arbitrary direction [38,39]. The matrix representation
of the XC magnetic field can be extracted from HKS ma-
trix using BXC = (2Re[H ↑↓],−2Im[H ↑↓],H ↑↑ − H ↓↓),
where H = HKS − VSOC. The time-dependent Hamiltonian
of heterostructures in Fig. 1 is then constructed as H(t ) =
H0(θ ) + V(θ )eiωt + V†(θ )e−iωt , where H0 and V are ob-
tained from time-independent ncDFT calculations as H0(θ ) =
HKS(θ ) − V(θ ) − V†(θ ) and V(θ ) = 1

4 Bx
XC(θ ) ⊗ [σ̂x − iσ̂y].

The ncDFT calculations (with details in the SM [35]) leading
to H(t ) are performed using QUANTUMATK [41] package.

Charge-conserving solution of Floquet-NEGF equations
for pumped currents. The time-dependent NEGF formalism
[29,40] operates with two fundamental quantities [29]—the
retarded Gr (t, t ′) and the lesser G<(t, t ′) Green functions
(GF)—which describe the density of available quantum states
and how electrons occupy those states in nonequilibrium,
respectively. They depend on two times, but solutions can
be sought in other representations, such as the double-time-
Fourier-transformed [17] GFs, Gr,<(E , E ′). In the case of
periodic time-dependent Hamiltonian, they must take the

TABLE I. The effective SMC geff
↑↓, extracted from pumped spin

currents ISz
L in Fig. 2 via Eq. (4), in the units of 1020 m−2.

Heterostructure geff
↑↓ (w/o SOC) geff

↑↓ (SOC)

Cu/Co/Cu 0.7721 0.7721
Pt/Co/Cu 1.4142 0.3866
W/Co/Cu 0.4191 0.2476
Cu/1QL-Bi2Se3/Co/Cu 0.4721 0.1716
Cu/6QL-Bi2Se3/Co/Cu 0.0002 0.0074

form Gr,<(E , E ′) = Gr,<(E , E + nω) = Gr,<
n (E ), in accord

with the Floquet theorem [42,43]. The coupling of energies
E and E + nω (n is integer) indicates how “multiphoton”
exchange processes contribute toward the pumped current.
In the absence of many-body (electron-electron or electron-
boson) interactions, currents can be expressed using solely the
Floquet-retarded GF, [(E + �̌)Š − ȞF − �̌r (E )]Ǧr (E ) = 1̌,
which is composed of Gr

n(E ) submatrices along the diagonal.
For a nonorthogonal basis of localized orbitals |φa〉, Š is an
infinite matrix composed of overlap submatrices S along the
diagonal with matrix elements Sab = 〈φa|φb〉. The Floquet
Hamiltonian [42,43] is given by

ȞF =

⎛
⎜⎜⎜⎜⎜⎝

. . .
...

...
... . .

.

· · · H0 V 0 · · ·
· · · V† H0 V · · ·
· · · 0 V† H0 · · ·
. .

. ...
...

...
. . .

⎞
⎟⎟⎟⎟⎟⎠

, (5)

where �̌ = diag[. . . ,−2h̄ω1,−h̄ω1, 0, h̄ω1, 2h̄ω1, . . .];
and �̌

r
(E ) = diag[. . . ,�r (E − h̄ω), 0,�r (E + h̄ω), . . .]

is the Floquet self-energy matrix. The submatrices,
�r (E ) = ∑

p=L,R �r
p(E ), along the diagonal of �̌

r
(E )

are obtained by standard steady-state NEGF calculations [44]
to capture the presence of semi-infinite NM leads.

The matrices labeled as Ǒ are representations of operators
acting in the Floquet-Sambe [43] space, H = HT ⊗ He ⊗ Hs,
where He is the Hilbert space of orbital electronic states
spanned by |φa〉, Hs is the electronic spin space and HT is
the Hilbert space of periodic functions with period T = 2π/ω

spanned by orthonormal Fourier vectors 〈t |n〉 = exp(inωt )
where n is integer. In this notation, σ̌α = 1T ⊗ 1 ⊗ σ̂α is the
Pauli matrix acting in H; 1T is the identity matrix acting

121201-3
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FIG. 3. Convergence of dc spin current ISz
L pumped into the L

lead of heterostructures in Fig. 1 with respect to: (a) Nmax determining
the size of truncated Floquet Hamiltonian, at fixed grid kx × ky =
25 × 25 of k points; and (b) grid kx × ky at fixed Nmax = 1. The
frequency is h̄ω = 1 meV and θ = 90◦.

in HT ; and 1 is the identity matrix acting in He. Other
matrices employed in Eq. (6) below are �̌p(E ) = i[�̌

r
p(E ) −

(�̌
r
p(E ))†]; �̌(E ) = ∑

p=L,R �̌p(E ); and the Floquet-advanced

GF Ǧ
a
(E ) = [Ǧ

r
(E )]†.

In the adiabatic limit h̄ω � EF, justified by the Fermi
energy EF ≈ 1 eV of heterostructures in Fig. 1 and
ω � 1 THz precession frequency, the time-averaged (over a
period T ) pumped spin currents flowing into the NM leads
p = L, R (R, right) are given by [17]

ISα

p = h̄

4NmaxAcell

∫
BZ

dk‖ Tr[σ̌α�̌p�̌Ǧ
r
�̌Ǧ

a

− σ̌α�̌pǦ
r
�̌�̌Ǧ

a
]. (6)

The pumped charge current is obtained from Eq. (6) by re-
placing σ̌α �→ 1T ⊗ 1 ⊗ σ̂0, where σ̂0 is the unit 2 × 2 matrix,
and h̄/2 �→ e. Here all matrices depend on k‖ due to assumed
periodicity of heterostructures depicted in Fig. 1 within the
yz plane and absence of disorder, so that integration over the
two-dimensional Brillouin zone (BZ) is performed and Acell is
the area of the unit cell in the transverse direction.

Thus, the Floquet-NEGF formalism replaces the original
time-dependent NEGF problem with the time-independent
one delineated above, at the cost of using infinite-dimensional
matrices Ǒ due to infinite dimensionality of HT . However, in
practice finite |n| � Nmax is chosen where this range can be
expanded until the answer converges, thereby yielding a non-
perturbative result. Note that trace in Eq. (6), Tr ≡ TrT TreTrs,
is summing over contributions from different subspaces of
HT so that the denominator includes 2Nmax to avoid double
counting. The part of the trace operating in HT space ensures
that at each chosen Nmax charge current is conserved, IL ≡ IR,
unlike some other solutions [45,46] of Floquet-NEGF equa-
tions where current conservation is ensured only in the limit
Nmax → ∞. Figure 3(a) demonstrates that ISz

L in TI/FM and
HM/FM heterostructures from Fig. 1 converges already for
Nmax = 4 since using Nmax = 5 leads to relative change by
less than 1%. We also confirm [Fig. 3(b)] that 25 × 25 grid
of k points is sufficient to ensure that a relative change is less
than 1% when increasing their number further.

Results for pumped spin current and effective SMC. To
reduce the computational expense, we use Nmax = 2 and
kx × ky = 25 × 25 for angular dependence of ISz

L and ISz

R
in Fig. 2. In order to understand the effect of SOC,

Figs. 2(a), 2(b) 2(e), and 2(f) show results with SOC switched
off in ncDFT calculations, while in Figs. 2(c), 2(d) 2(g),
and 2(h) SOC is switched on. We also consider semi-
infinite-Cu/Co/semi-infinite-Cu heterostructure [dotted line
in Figs. 2(a)–2(d)] as a reference system [5,20]. Since such
heterostructure is inversion symmetric, no SOC effects can
appear at its interfaces [20], as confirmed by identical results
in Figs. 2(a) and 2(c). Dotted lines in Figs. 2(b) and 2(d) for
pumped spin current into the right Cu lead are identical to
those in Figs. 2(a) and 2(c), respectively, as expected from the
left-right symmetry of Cu/Co/Cu heterostructure.

Upon switching on SOC in ncDFT calculations, we find
that pumped current ISz

L and the corresponding SMC in Table I
are consistently reduced. An apparent exception is Cu/6QL-
Bi2Se3/Co/Cu system, where these quantities are enhanced
≈50 times by SOC, but this is trivially explained by the fact
that SOC generates topologically protected metallic surface
states, with Dirac cone energy-momentum dispersion intro-
duced into the band gap of Bi2Se3. The surface states can
hybridize with Co states [33] and penetrate as evanescent
states into the bulk of 6QL-Bi2Se3 to facilitate conduction.
On the other hand, one QL of Bi2Se3 remains insulating even
in the presence of SOC [47] due to the minigap opening at the
Dirac point.

Discussion. We note that calculations [25,31] using sim-
plistic models of FM/NM heterostructures have predicted
increase of pumped spin current with SOC. However, SOC
was artificially introduced in such models as strictly two-
dimensional effect, thereby neglecting that even if such
interfacial SOC can enhance spin pumping, the pumped
spin current could subsequently experience spin memory
loss [20,21] deeper inside the HM left lead or at the left
Cu/TI interface. The extraction of SMC via Eq. (3) from
first-principles calculations of Gilbert damping in HM/FM
systems as a function of FM layer thickness has also increased
SMC when SOC is switched on. However, this could be due
to the combined effect of SOC and hybridized FM and HM
states which enhances the density of states at the Fermi level
and thereby αG as an effect unrelated to SMC [18,19].

Conclusions. In conclusion, by combining the Floquet
theory of periodically driven quantum systems [42,43] with
time-dependent NEGFs [17,30] and ncDFT calculations, we
have developed a first-principles quantum transport method
which makes it possible to compute directly time-averaged
pumped spin current by precessing magnetization in re-
alistic and ubiquitous in spintronics HM/FM and TI/FM
heterostructures with strong SOC effects around the inter-
face. Such effects consistently reduce pumped spin current
and the effective SMC extracted from it. We note that, in
general, the Floquet theorem does not allow one to trans-
form time-dependent DFT Hamiltonian to a time-independent
Floquet DFT [48]. Instead, one apparently has to per-
form self-consistent time-dependent DFT calculations [49]
in the presence of time-periodic potential, in contrast to our
first-principles Hamiltonian where harmonic potential is in-
troduced a posteriori into the converged KS Hamiltonian of
static ncDFT. Nevertheless, due to the small frequency of
microwave radiation when compared to the Fermi energy of
heterostructures in Fig. 1, h̄ω � EF , we expect a tiny per-
turbation of electronic density already converged by static
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ncDFT. In other words, our much less expensive calculations
are in the spirit of linear-response theory and first-principles
scattering matrix calculation [3–5,22] of SMC, where one also
employs converged static KS Hamiltonian (but without SOC)
as an input. In the same limit h̄ω � EF , our methodology can
be applied to a plethora of problems outside of spintronics
which involve Floquet engineering of quantum materials [50].
Also, it is straightforward to include impurities or thermal
disorder (such as “frozen-phonons” and/or “frozen-magnons”

[51]) into the Hamiltonian, which makes possible to study
temperature and disorder effects on SMC. Nevertheless, re-
cent experiments show temperature-independent SMC for
TI/FM interfaces [52].

This work was supported by the U.S. Department of En-
ergy (DOE) Grant No. DE-SC0016380. The supercomputing
time was provided by XSEDE supported by NSF Grant No.
ACI-1053575.

[1] A. Brataas, G. E. W. Bauer, and P. J. Kelly, Non-collinear
magnetoelectronics, Phys. Rep. 427, 157 (2006).

[2] Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. I. Halperin,
Nonlocal magnetization dynamics in ferromagnetic heterostruc-
tures, Rev. Mod. Phys. 77, 1375 (2005).

[3] K. Xia, P. J. Kelly, G. E. W. Bauer, A. Brataas, and I. Turek,
Spin torques in ferromagnetic/normal-metal structures, Phys.
Rev. B 65, 220401(R) (2002).

[4] M. Zwierzycki, Y. Tserkovnyak, P. J. Kelly, A. Brataas, and
G. E. W. Bauer, First-principles study of magnetization relax-
ation enhancement and spin transfer in thin magnetic films,
Phys. Rev. B 71, 064420 (2005).

[5] K. Carva and I. Turek, Spin-mixing conductances of thin mag-
netic films from first principles, Phys. Rev. B 76, 104409
(2007).

[6] Q. Zhang, S.-I. Hikino, and S. Yunoki, First-principles study
of the spin-mixing conductance in Pt/Ni81Fe19 junctions, Appl.
Phys. Lett. 99, 172105 (2011).

[7] Y. Wang, R. Ramaswamy, and H. Yang, FMR-related phenom-
ena in spintronic devices, J. Phys. D: Appl. Phys. 51, 273002
(2018).

[8] R. Ramaswamy, J. M. Lee, K. Cai, and H. Yang, Recent
advances in spin-orbit torques: Moving towards device appli-
cations, Appl. Phys. Rev. 5, 031107 (2018).

[9] A. Manchon, I. M. Miron, T. Jungwirth, J. Sinova, J. Zelezný,
A. Thiaville, K. Garello, and P. Gambardella, Current-induced
spin-orbit torques in ferromagnetic and antiferromagnetic sys-
tems, Rev. Mod. Phys. 91, 035004 (2019).

[10] H. Adachi, K. Uchida, E. Saitoh, and S. Maekawa, The-
ory of the spin Seebeck effect, Rep. Prog. Phys. 76, 036501
(2013).

[11] C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F. Alvarado,
and P. Gambardella, Unidirectional spin Hall magnetoresis-
tance in ferromagnet/normal metal bilayers, Nat. Phys. 11, 570
(2015).

[12] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Conversion
of spin current into charge current at room temperature: Inverse
spin-Hall effect, Appl. Phys. Lett. 88, 182509 (2006).

[13] O. Mosendz, J. E. Pearson, F. Y. Fradin, G. E. W. Bauer, S. D.
Bader, and A. Hoffmann, Quantifying Spin Hall Angles from
Spin Pumping: Experiments and Theory, Phys. Rev. Lett. 104,
046601 (2010).

[14] J.-C. Rojas-Sánchez, N. Reyren, P. Laczkowski, W. Savero, J.-P.
Attané, C. Deranlot, M. Jamet, J.-M. George, L. Vila, and H.
Jaffrès, Spin Pumping and Inverse Spin Hall Effect in Platinum:
The Essential Role of Spin-Memory Loss at Metallic Interfaces,
Phys. Rev. Lett. 112, 106602 (2014).

[15] L. Zhu, D. C. Ralph, and R. A. Buhrman, Effective Spin-
Mixing Conductance of Heavy-Metal-Ferromagnet Interfaces,
Phys. Rev. Lett. 123, 057203 (2019).

[16] S.-H. Chen, C.-R. Chang, J. Q. Xiao, and B. K. Nikolić, Spin
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This Supplemental Material includes computational details of noncollinear density functional theory (ncDFT) cal-
culations, as well as one additional Table and three additional Figures:

• TABLE S I: The effective spin-mixing conductance in semi-infinite-Bi2Se3/Co/Cu heterostructure at selected
Fermi energies outside of the bulk bandgap of semi-infinite-Bi2Se3 [1].

• FIG. S1: Spectral function at the interfacial monolayer of Co1 layer in Fig. 1 in the main text, which is
in direct contact with Cu, or spin-orbit-coupled materials like topological insulator Bi2Se3 and heavy met-
als Pt or W. The spectral function is computed from first-principles retarded Green function in equilibrium,
A(E; ky, kz, x ∈ Co1) = −Im [Gk‖(E;x, x)]/π, as explained in Refs. [1–3].

• FIG. S2: Floquet-NEGF+ncDFT-calculated k‖-resolved pumped dc spin current ISz

L,R in Cu/Bi2Se3/Co/Cu

heterostructure [illustrated in Fig. 1(a) in the main text].

• FIG. S3: Floquet-NEGF+ncDFT-calculated k‖-resolved pumped dc spin current ISz

L,R in Pt/Co/Cu and

W/Co/Cu heterostructures [illustrated in Figs. 1(b) and 1(c), respectively, in the main text].

Computational details of ncDFT calculations: We employ the interface builder in the QuantumATK [4] package
to construct a unit cell for multilayer heterostructures in Fig. 1 in the main text while using experimental lattice
constants of individual materials. The lattice strain at each interface is kept below 1.5%. In order to determine
the interlayer distance we carry out DFT calculations with the generalized gradient approximation (GGA) for the
exchange-correlation (XC) functional in the Perdew, Burke and Ernzerhof (PBE) [5] parametrization, as implemented
in QuantumATK package. The Kohn-Sham (KS) Hamiltonian HKS of the central region of heterostructures in Fig. 1 in
the main text and the self-energies [6] of their semi-infinite leads are extracted from QuantumATK calculations where
we employ PBE-GGA for the XC functional and fully relativistic norm-conserving SG15-SO [7] pseudo-potentials for
describing electron-core interactions. Periodic boundary conditions are employed in the plane perpendicular to the
transport direction (i.e., the x-direction), with 9×9 k-point grid for the self-consistent calculation. The energy mesh
cutoff for the real-space grid is chosen as 100 Hartree. The localized orbital basis set is chosen as “medium” SG15 [7].
This means that the number of valence orbitals used for different atomic species Co, Cu, Bi, Se, Pt, and W is 42, 28,
50, 40, 42, and 38, respectively. Thus, matrix representations of the Floquet Hamiltonian ȞF in Eq. (5) in the main
text, truncated to contain 2Nmax + 1 submatrices on the diagonal, have sizes: 1736(2Nmax + 1)× 1736(2Nmax + 1) for
Cu/Co/Cu; 1522(2Nmax + 1)× 1522(2Nmax + 1) for Cu/1QL-Bi2Se3/Co/Cu; 2622(2Nmax + 1)× 2622(2Nmax + 1) for
Cu/6QL-Bi2Se3/Co/Cu; 1792(2Nmax+1)×1792(2Nmax+1) for Cu/Pt/Co/Cu; and 1792(2Nmax+1)×1792(2Nmax+1)
for Cu/W/Co/Cu.

E − EF (eV) geff
↑↓ (w/o SOC) geff

↑↓ (SOC)

0.2 4.535× 10−5 4.536× 10−5

0.0 0.0 0.0

−0.2 5.553× 10−6 5.554× 10−6

TABLE SI: The effective spin-mixing conductance geff
↑↓ for semi-infinite-Bi2Se3/Co/Cu heterostructure, in the units of 1020 m−2,

for spin-orbit coupling (SOC) switched off (second column) or switched on (third column). This quantity is extracted in the
same way as the values in Table I in the main text, and at energies above and below E − EF = 0 in order to mimic n-type
and p-type doping of semi-infinite-Bi2Se3, respectively. They are smaller than respective values in Table I in the main text for
Cu/1QL-Bi2Se3/Co/Cu and Cu/1QL-Bi2Se3/Co/Cu heterostructures at their E−EF = 0. Also, unlike those heterostructure,
the values here are largely insensitive to the presence or absence of SOC. Note that no current can flow through semi-infinite-
Bi2Se3/Co/Cu heterostructure at E − EF = 0 due to the bulk band gap of semi-infinite-Bi2Se3 (shown in Fig. 2 of Ref. [1]).
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FIG. S1: Spectral function A(E; ky, kz, x ∈ Co1), plotted along the high-symmetry k-path, at the plane x ∈ Co1 passing
through the first monolayer of Co which is in direct contact with Cu within: (a),(e) semi-infinite-Cu/Co/semi-infinite-Cu
heterostructure; (b),(f) Cu/6QL-Bi2Se3/Co/Cu heterostructure [illustrated in Fig. 1(a) in the main text]; (c),(g) Pt/Co/Cu
heterostructure [illustrated in Fig. 1(b) in the main text]; and (d),(h) W/Co/Cu heterostructure [illustrated in Fig. 1(c) in
the main text]. The magnetization mCo of Co layer is parallel to the interface, i.e., along the z-axis in Fig. 1 in the main
text. First (second) row of panels shows spectral functions calculated with SOC switched off (on) in ncDFT calculations. Each
panel (i)–(l) in the third row shows the difference “SOC minus w/o SOC” panels above it to highlight the effect of SOC on
the bands. Since semi-infinite-Cu/Co/semi-infinite-Cu heterostructure is inversion symmetric, it does not have interfacial SOC
effects and the difference in panel (i) is zero everywhere (up to numerical precision) [2]. The fact that spectral function on the
surface of Co in contact with layers of other materials changes drastically from one to another such material signifies “spin-orbit
proximitized metallic ferromagnet” [1–3] due to hybridization of Co wavefunction with wavefunctions of those materials. This
then affects spin pumping by precessing magnetization of Co layer which is governed by the interfacial magnetic moments [8]
and, therefore, strongly affected by such proximity band structure [1–3] around the interface.
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FIG. S2: The k‖-resolved dc spin current ISz
p pumped into: (a),(c) the left (L) Cu lead; and (b),(d) the right (R) Cu lead of

Cu/Bi2Se3/Co/Cu heterostructure. The thickness of Bi2Se3 is either 1QL (upper panels) or 6QL (lower panels). The units for
ky and kz are 2π/b and 2π/c where b and c are the lattice constants along the y and the z axis, respectively.

FIG. S3: The k‖-resolved dc spin current ISz
p pumped into: (a) L semi-infinite Pt lead or (b) R semi-infinite Cu lead of

Pt/Co/Cu heterostructure; and (c) L semi-infinite W lead or (d) R semi-infinite Cu lead of W/Co/Cu heterostructure. The
units for ky and kz are 2π/b and 2π/c where b and c are the lattice constants along the y and the z axis, respectively.
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