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Spin current flowing between femtosecond laser pulse (fsLP) driven ferromagnetic metal and adjacent normal
metal (NM) hosting strong spin-orbit coupling is invariably invoked to explain terahertz (THz) radiation
believed to be emitted solely by the NM layer. Despite being such a central concept, the microscopic origin
of interlayer spin current remains vague. It is also unclear if it directly imprints its time dependence onto
emitted THz radiation because far-field radiation can only be emitted by time-dependent charge current, while a
potentially large number of complex spin-to-charge conversion mechanisms can obscure direct relation between
interlayer spin current and converted charge current within the NM layer. Here, we employ a recently developed
[A. Kefayati et al., Phys. Rev. Lett. 133, 136704 (2024)] time-dependent density functional theory plus Jefimenko
equations approach to extract spin current between Co and a NM = Pt or NM = W layer, where Co is driven by
fsLP responsible for its demagnetization, i.e., shrinking of its magnetization vector, My(t )/My(t = 0) < 1. By
comparing time dependence of spin current with those of other relevant quantities, we find that (i) spin current is
generated by demagnetization dynamics because it follows closely dMy/dt , thus it is an example of a quantum
pumping phenomenon that cannot be captured by phenomenological notions (such as “spin voltage”) and related
semiclassical transport theories; (ii) time dependence of pumped spin current does not follow closely that of
charge current emerging within the NM layer via spin-to-charge conversion mechanisms; (iii) THz emission can
be governed by charge currents (i.e., its time derivative entering the Jefimenko equations) within both the Co layer
and NM layer, but in different times frames. We also unravel a special case of NM = W where spin-to-charge
conversion by the inverse spin Hall effect and its contribution to THz emission is suppressed, despite large spin
Hall angle of W, because of localization of excited electrons onto the outer unfilled d orbitals of W.

DOI: 10.1103/PhysRevB.111.L140415

Introduction. The spin current (denoted as Iz
Sα

in Fig. 1)
flowing from femtosecond laser pulse (fsLP) driven ferromag-
netic metal (FM) layer toward adjacent normal metal (NM)
layer within FM/NM bilayers is one of the central concepts
[1–7] in the field of ultrafast magnetism [8–11]. It is always
assumed that such current is efficiently converted into charge
current (denoted as Ix

NM in Fig. 1) via either the inverse spin
Hall effect (ISHE) [12] in the bulk of the NM layer or other
spin-orbit coupling (SOC) driven mechanisms at FM/NM
interfaces [13–15] due to the strong SOC in the NM layer,
that is usually made of heavy transition metals (such as Pt, W,
and Ta). It is, therefore, believed [16] that optimizing inter-
layer spin current and spin-to-charge conversion mechanisms
[17] can enhance terahertz (THz) emission by charge current
within the NM layer arising from spin-to-charge conversion.

However, the microscopic origin of the interlayer spin
current vector (Iz

Sx
(t ), Iz

Sy
(t ), Iz

Sz
(t )) remains unknown. Instead,

interpretation of experiments is phenomenological and relies
on intuitive notions [18] like “spin voltage” [2,5,19], as a
difference between nonequilibrium spin-dependent chemical
potentials [20], which then drives spin current according to
semiclassical transport theories [21–26]. Besides the diffi-
culties [20] in rigorously defining a distribution function in
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far-from-equilibrium quantum systems and extracting mean-
ingful effective chemical potential from it [27,28], these
theories also do not explain why the frequency spectrum of
spin-to-charge converted current [1] contains features in the
THz range or the role played by demagnetization dynamics for
such features. This is due to the fact that spin voltage can be
nonzero due to fsLP and magnetism within the FM layer even
if its magnetization is not changing at all (as is the case if its
SOC is artificially turned off [29,30]). Furthermore, another
standard notion [1–7] is that the temporal profile of charge
current Ix

NM(t ) flowing within a NM layer is in one-to-one
correspondence with the temporal profile of Iz

Sy
(t ),

Ix
NM(t ) ≡ θSHIz

Sy
(t ), (1)

where θSH is the spin Hall angle [31]. Equation (1) relies on
assumptions [6] that Iz

Sy
(t ) is fully absorbed inside the NM

layer and converted (with efficiency specified by θSH) into
Ix
NM(t ), which is then the sole source of outgoing THz signal

observed in the far-field (FF) region. These assumptions also
provide the foundation for THz emission spectroscopy [6]
which indirectly extracts the temporal profile of ultrafast spin
currents, triggered by fsLP excitation of thin FM films, from
the time-dependence of the directly measured THz signal (see
Fig. 2 in Ref. [6] for an example of this procedure). That
Eq. (1) might not be warranted has been suggested by recent
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FIG. 1. Schematic view of the FM/NM bilayer employed
[1–5,7] for spintronic THz emitters where fsLP irradiates the FM
layer, Co in our study, and the NM layer hosts strong SOC; we select
Pt and W NM layers in this study for comparison with each other
as their spin Hall angles have opposite sign [2]. The thickness of Co
layer is three monolayers, while the thickness of NM layers is four
monolayers. The local magnetization (red arrows) of the Co layer is
along the y axis in equilibrium, and it remains so (i.e., Mx ≈ Mz ≈ 0)
during demagnetization in nonequilibrium while only shrinking its
length. Total spin current from FM to NM layer is denoted by Iz

Sα
and

total charge currents within FM and NM layers are denoted by Ix
FM

and Ix
NM, respectively.

experiments [32] pointing to a potentially large number of
complex spin-to-charge conversion mechanisms and high sen-
sitivity to changes in the optical properties, as well as charge
density equilibration [33], that can obscure the simplistic one-
to-one correspondence assumed in Eq. (1).

In this Letter, we employ time-dependent density func-
tional theory (TDDFT)—which has provided some of the
most detailed microscopic insights [29,34–37] into demagne-
tization mechanisms, and which has recently been extended
[38] into the TDDFT+Jefimenko approach for computation of
currents and the ensuing electromagnetic (EM) radiation—to
analyze fsLP-driven Co/Pt and Co/W bilayers. This ap-
proach allows us to extract, from first principles that do
not make any assumptions about the underlying physics
or the system under investigation, the following time de-
pendences: demagnetization dynamics My(t )/M0 < 1 [while
Mx(t ) ≈ Mz(t ) ≈ 0] and its time derivative ∂t My [where
∂t ≡ ∂/∂t and M0 ≡ My(t = 0)] for magnetization in equi-
librium pointing along the y axis in Fig. 1 within the Co
layer (Fig. 2); spin current from Co toward the Pt or W layer
(Fig. 2); charge current flowing within the Pt or W layer
[Figs. 3(b) and 3(e)]; and electric field Ex

FF(t ) of THz emis-
sion in the FF region [Figs. 3(c) and 3(f)]. It also makes it
possible to analyze how the total real-time THz signal from
FM/NM bilayer emerges from contributions generated by the
FM (never considered in experiments analyzed thus far [1–7])
vs the NM layer. Note that the total signal is not necessarily
the result of two contributions enhancing each other, as they
can have different phases, thereby adding negative to positive
lobes [as in Fig. 3(c)].

Results and discussion. We commence by examining in
Fig. 2 the possible causal connection between ∂t My and in-
terlayer spin current,

Iz
Sα

(t ) =
∫

FM/NM
d3 r jz

Sα
(r, t ), (2)

transporting spins Sα along the z axis (see the coordinate
system in Fig. 1). This quantity is obtained by integrating

FIG. 2. Time-dependence of interlayer spin current Iz
Sy

(red
curves) in fsLP-driven (a) Co/Pt and (b) Co/W bilayers is com-
pared with that of time derivative of magnetization ∂t My/M0 (yellow
curves), demonstrating a causal connection where the latter gener-
ates (or “pumps” [39–41]) the former. Both panels are obtained by
using time-domain filtering [42,43], which eventually produces a
real-time signal with Fourier components within the ω ∈ [0, 15] THz
range. Note that My(t )/M0 drops (not shown explicitly) from 1 to a
minimum of �0.5 vs �0.8 in Co/W vs Co/Pt. The inset in panel
(a) magnifies data in t ∈ [0, 20] fs time interval. The gray curve in
(a) depicts the vector potential Ax

ext (t ) of fsLP in Eq. (5), and a.u.
stands for atomic units.

one component jz
Sα

(r, t ) of the 3 × 3 spin current den-
sity tensor [44] over the whole FM/NM bilayer. Note that
we use the same units for spin and charge current, where
spin current Iz

Sy
= Iz

↑ − Iz
↓ can be understood as the dif-

ference of the respective spin-resolved charge currents, Iz
↑

and Iz
↓, with ↑, ↓ pointing along the y axis. The over-

lapping time dependences of Iz
Sy

(t ) and ∂t My demonstrate
that dMy/dt acts as the principal mechanism generating
spin current. We note that very recent experiments [41],
inducing shrinking of magnetization vector by magnetic
phase transition rather than by fsLP, have independently
confirmed our prediction for spin current generation by
such nonclassical (i.e., not describable by Landau-Lifshitz-
Gilbert equation [41,45]) magnetization dynamics while also
terming it “longitudinal spin pumping.” This effect is quite
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FIG. 3. Time dependence of the time derivative of (a) interlayer spin current in a Co/Pt bilayer and (b) charge current in the Pt layer of
such a bilayer. Panel (c) shows the x component of the electric field of THz radiation emitted by charge currents confined within the Co (green)
or Pt [blue, originating from blue curve in panel (b) via Eq. (4)] layer, as well their sum determining the total THz signal from the Co/Pt
bilayer. Panels (d)–(f) are counterparts of panels (a)–(c) for a Co/W bilayer. All six panels are obtained by using time-domain filtering [42,43],
which eventually produces a real-time signal with Fourier components within the ω ∈ [0, 3] THz range. The gray curve in (c) depicts the
vector potential Ax

ext (t ) of fsLP in Eq. (5). Note that the [0,3] THz range we select for filtering is often scanned in experiments [4] on systems
containing an ultrafast demagnetizing Co layer. Here, a.u. stands for atomic units, and arb. units stands for arbitrary units.

analogous to amply studied conventional (or transverse [41])
spin pumping [46] by a different type of time dependence
of magnetization, namely, its precession within the FM layer
of FM/NM bilayers, where interlayer spin current is given
by (Iz

Sx
, Iz

Sy
, Iz

Sz
) ∝ M × ∂t M. Here, M(t ) precesses as a vec-

tor of fixed length at much smaller (typically GHz) and
single frequency due to microwaves being absorbed under
the ferromagnetic resonance conditions [12,47]. In contrast to
such precessing motion of magnetization (and absence of any
demagnetization), the shrinking magnetization vector due to
high frequency fsLP contains [37,45] a continuum of much
higher frequencies in its fast-Fourier transform. Nevertheless,
in both of these “low-frequency” [46] and “high-frequency”
[37,45] phenomena leading to M(t ) as a nonequilibrium
drive for the quantum subsystem of electrons, it is the
time-dependence of the quantum system [48,49]—periodic
[46,48–50] in the case of “low-frequency” magnetization pre-
cession and nonperiodic [39,40] in the case of the “high
frequency” demagnetization—that pumps currents in the ab-
sence of any bias voltage [51]. Thus, pumping of spin current
by demagnetization dynamics unveiled by Fig. 2 replaces the
need for phenomenological and ill-defined [20] “spin voltage”
as its driving mechanism [2,5,19].

Findings of Fig. 2 also provide microscopic justification
for the previously conjectured “dM/dt mechanism” [5,52,53]
from the fitting of experimental data; note that thereby mo-
tivated phenomenological theories require many qualitative
assumptions, sometimes arriving at Iz

Sα
∝ ∂2

t My (see Eq. (47)
in Ref. [25]), which cannot be justified from our first-
principles theory or experiments [5]. Once demagnetization

sets in, the amplitude of generated spin current is primarily
determined by the speed of demagnetization, which is larger
in Co/Pt than in Co/W [compare values around �50 fs in
Fig. 2(a) vs Fig. 2(b)] due to difference in SOC proximity
effect [54–56]. Via such proximity effect, the Pt or W layer
can significantly modify [54,55] properties of the Co layer, of
nanoscale thickness in experiments, as also confirmed in ultra-
fast demagnetization experiments [57]. Crucially, magnifying
data in t ∈ [0, 20] fs interval [inset of Fig. 2(a)] demon-
strates that interlayer spin current that is changing in time, as
required to generate EM radiation (after spin-to-charge con-
version takes place), appears only when magnetization starts
changing in time as well. Such microscopic unravelling of the
cause (i.e., magnetization changing in time) and effect (i.e.,
time-dependent spin current responding to such change [58])
is in contrast to phenomenological theories [21–26] where
intuitive reasoning has conjectured how interlayer spin cur-
rent is excited optically by fsLP, and whose flow into NM
layer then causes demagnetization because of the loss of
spin angular momentum of FM layer. Experiments also find
[59] that interlayer spin current can affect demagnetization
in self-consistent fashion: demagnetization acts as a primary
nonequilibrium drive of spin current in the THz frequency
range in Fig. 2, which in turn further speeds up [21,59] demag-
netization as spin current carries away angular momentum
from Co into good spin sinks [46] like Pt or W. Note that
since electrons respond instantaneously to fsLP, the start of
nonzero charge currents signals the true beginning of fsLP
(see Supplemental Material of Ref. [38] or movies animating
spatiotemporal profile of charge photocurrent as a companion
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Ref. [60] for further illustration of how to properly identify
the beginning of fsLP, which is not easy to achieve by just
visually inspecting the gray curve in Fig. 2).

We next independently [i.e., without invoking any spin
current and extraction of charge current from it via
phenomenologically motivated Eq. (1)] compute charge
current

Ix
NM(t ) =

∫
NM

d3r jx(r, t ), (3)

flowing within the NM=Pt or NM=W layer along the x
axis in Fig. 1, as expected from ISHE [12] phenomenology.
Here jx(r, t ) is the x component of the vector of charge
current density. This procedure allows us to test if intralayer
charge current satisfies virtually always (for exceptions, see
Ref. [32]) assumed [1–7,23,26] one-to-one relation [Eq. (1)]
with interlayer spin current. Note that this relation has never
been tested experimentally because spin current is not [12,46]
directly measurable quantity and intralayer charge current is
not easily accessible. Since EM radiation in the FF region
scanned experimentally is generated by the time derivative of
charge current [Eq. (4)], rather than by current itself as some-
times incorrectly assumed [1,2,5,6], we plot in Fig. 3(a) the
time derivative of spin current, ∂t I

z
Sy

, in Co/Pt from Fig. 2(a)
and compare it with the time derivative of charge current,
∂t Ix

NM, within Pt in Fig. 3(b). The same comparison is per-
formed in Fig. 3(d) vs Fig. 3(e) for a Co/W bilayer. As spin
and charge current profiles differ, we conclude that Eq. (1)
is not justified (thereby supporting the same conclusion of
experiments in Ref. [32]).

Finally, we examine if charge current within the NM
layer, generated by possibly multiple spin-to-charge conver-
sion processes [17,32,61], of incoming interlayer spin current
in Fig. 2, is the sole contributor to outgoing THz radiation,
as has always been assumed [1–7,23,26] when interpreting
experiments. We note that despite being one of the main
observables in experiments, both for a single FM layer [7,62]
and FM/NM bilayers [1–7], EM radiation has been scarcely
calculated. A microscopic, as well as first principles, route
for such an analysis has been formulated very recently as
the TDDFT+Jefimenko approach [38]. In it, charge current
density computed from TDDFT is plugged into the Jefimenko
formula [63] for the electric field of EM radiation in the FF
region [64],

EFF(r, t ) = 1

4πε0

∫
FM or NM,
or FM/NM

d3r′
(

R
∂t jret · R

c2R3
− ∂t jret

c2R

)
.

(4)

Here charge current density jret (r, t ) = j(r, t − R/c) is eval-
uated at the retarded time t − R/c; c is the velocity of light;
R = r − r′ is the vector from the source at a point r′ within
the FM/NM bilayer to the observation point r; and we also
use shorthand notation R = |R|. The observation point is cho-
sen as r = 10 000aBez, where aB is the Bohr radius, and the
origin of the coordinate system is in the lower left corner
of the Co layer (Fig. 1). The FF region is defined as the
region where EM radiation decays as ∼1/R, which isolates
[64] two terms from the full Jefimenko formula [63,65] for
an electric field at arbitrary distance. The full Jefimenko for-

mulas for electric and magnetic fields of EM radiation can be
viewed [65] as the proper time-dependent and time-retarded
[via usage of jret (r, t )] generalizations of the Coulomb and
Biot-Savart laws, respectively. They are an integral solution
of the Maxwell equations in the following approximations:
fields vanish at infinity; their sources are confined to a finite
region of space; and self-consistent effects, such as emitted
EM radiation exerting back action [66,67] onto the source,
can be neglected.

Figure 3(c) shows that the real-time signal of THz radiation
contains contributions from charge currents within both Pt
and Co layers, which can be spatially resolved by limits of
integration in Eq. (4). The two contributions do not simply
enhance each other due to their different phases. The latter
current, Ix

FM, has been predicted [38–40] as an additional
consequence of ∂t My(t ) acting as a nonequilibrium drive for
electrons. Thus, time dependence of ∂t My(t ) always concur-
rently pumps both interlayer spin, Iz

Sα
, and intralayer charge,

Ix
FM, currents denoted in Fig. 1. This feature can be contrasted

to current pumping by precessing magnetization driven by
low frequency EM radiation, which typically generates only
spin current [46] (in the absence of SOC [50,68]). Note that
real-time THz signals in Figs. 3(c) and 3(d) have a maximum
at the same time when fsLP (gray curve in the inset) reaches
maximum. However, it also looks as if THz signals exists
before fsLP. This is an illusion due to difficulty in showing
small oscillations that mark the true beginning of fsLP, even
if a much wider ordinate scale is used than that employed
in Fig. 3(c) (one can also understand this issue by watching
movies accompanying Ref. [60], which show how electrons
start to flow even though fsLP is apparently still zero).

When switching from Co/Pt to Co/W bilayer, the con-
tribution to the THz signal from spin-to-charge converted
current flowing within the W layer is, surprisingly, insignif-
icant [blue dotted line in Fig. 3(f)] when compared to the
contribution from charge current flowing within the Co layer
[green dashed line in Fig. 3(f)]. The same information, as
charge current and THz signal are related via the Jefimenko
Eq. (4), is confirmed by comparing Fig. 3(e) vs Fig. 3(b),
where ∂t Ix

W in the former case is an order of magnitude smaller
than ∂t Ix

Pt in the latter case. Thus, this finding provides quite
a different explanation for the observed change of sign of the
THz signal when switching from NM=Pt to NM=W layer—
which is due to different proximitization [54,55] of Co by
W. Otherwise, standard explanation attributes [2] change of
sign to the opposite sign of θSH for Pt vs W that subsequently
inverts the charge current within the NM layer, assuming
Eq. (1) holds true. The fact that the charge current within
the W layer is so small, thereby having very little effect on
the total THz signal in Fig. 3(f), highlights the intricacies of
both spin transport across FM/NM interfaces and ultrafast
dynamics of electrons in general. Regarding the latter issue,
and unrelated to spin transport only, usage of transition metals
as NM layers and the ultrafast nature of electron dynamics
can make possible highly nontrivial phenomena, such as lo-
calization [69] of excited electrons onto the outer unfilled
d orbitals of W as a signature of transition from initially
independent into dynamically correlated electron dynamics.
In fact, precisely this phenomenon was confirmed [70] for W
very recently via attosecond transient absorption spectroscopy

L140415-4



DECIPHERING THE ORIGIN OF SPIN CURRENT IN … PHYSICAL REVIEW B 111, L140415 (2025)

[69]. Such dynamical correlation effects can be isolated [37]
within the TDDFT framework by comparing calculations with
frozen-in-time vH(r, t = 0) and vXC(r, t = 0) potentials in
Eq. (5)—denoted as the “independent particle approach” in
TDDFT as electrons are excited across energy levels of the
ground-state (GS) band structure irrespective [71] of how
other electrons are time evolved—vs calculations where these
potentials are time evolved to affect the wave function ψ j (r, t )
in Eq. (5).

Models and methods. The TDDFT calculations were per-
formed via our extension [38,72] of the ELK package [73,74].
The thickness of Co is three monolayers and that of Pt or
W is four monolayers (MLs) along [100] crystallographic
direction. TDDFT operates [75] with a time-dependent ver-
sion of the Kohn-Sham (KS) equation given by (using h̄ = 1)

i
∂ψ j (r, t )

∂t
=

[
1

2me

(
− i∇ + 1

c
Aext (t )

)2

+ vs(r, t )

+ 1

2c
σ · Bs(r, t )

+ 1

4c2
σ · (∇vs(r, t ) × −i∇)]

ψ j (r, t ), (5)

where ψ j (r, t ) are two-component Pauli spinors of the KS
quasiparticle; me is the electron mass; Aext (t ) is the vector po-
tential of the applied fsLP; vs(r, t ) = vext (r, t ) + vH(r, t ) +
vXC(r, t ) is the effective KS potential, as the sum of the
external potential vext provided by the nuclei (treated as point
particles), the Hartree potential vH, and exchange-correlation
(XC) potential vXC; Bs(r, t ) = Bext (t ) + BXC(t ) is the KS
magnetic field with Bext being the external magnetic field
and BXC the XC magnetic field; σ = (σx, σy, σz ) is the vector
of the Pauli matrices; and the last term on the right-hand
side describes SOC, which necessitates usage of noncollinear
XC functionals [76,77] even when long-range noncollinearity
of local magnetization does not play a significant role. The
particle density of an interacting electronic system, as the
fundamental quantity in (TD)DFT, is obtained as n(r, t ) =∑

j ψ
†
j (r, t )ψ j (r, t ). Similarly, magnetization density, as an

additional fundamental quantity in noncollinear (TD)DFT, is
obtained from m(r, t ) = ∑

j ψ
†
j (r, t )σψ j (r, t ), so that total

magnetization is given by M(t ) = ∫
d3r m(r, t ). We employ

the adiabatic local density approximation (ALDA) for the XC
functional [78] within the full-potential linearized augmented
plane-wave method as implemented in the ELK code [73,74].
The GS is also obtained from ELK using noncollinear static
DFT calculations with the LDA XC functional. The grid of k
vectors is chosen as 7 × 7 for both Co/Pt and Co/W. After
obtaining the GS, the dynamics for TDDFT calculations is
generated by applying a Gaussian fsLP with central wave-
length 800 nm, �50 fsLP duration, peak intensity of 2.42
TW/cm2, and 22 mJ/cm2 fluence. Since the wavelength of ap-
plied laser light is much larger than the supercell, we assume
the dipole approximation and disregard spatial dependence of
Aext (t ).

Conclusions and outlook. Using the recently developed
TDDFT+Jefimenko first-principles approach [38], we inde-
pendently compute spin and charge currents in response to
fsLP driving of Co/Pt and Co/W bilayers to find (Fig. 3) that

in both cases

Ix
NM(t ) �= θSHIz

Sy
(t ). (6)

This is in contrast to the identity of their temporal profiles
[Eq. (1)] that is virtually always assumed [1–7,23,26] when
interpreting experiments, and also employed [6] to extract
the Iz

Sy
(t ) time profile from measured THz signals. How-

ever, Eq. (1) can hardly be tested experimentally because
spin current cannot be directly measured in general [12], and
measuring ultrafast charge current is outside the capabilities
of presently available electronics. There are many possible
reasons [32,33] for breakdown of the one-to-one relation be-
tween temporal profiles of Iz

Sy
(t ) and Ix

NM(t ), such as multiple
spin-to-charge conversion processes, at the FM/NM interface
or within NM bulk [17]; spin memory loss [79–83]; reduced
spin transmission [84] across the FM/NM interface; and lo-
calization [69,70] of initially free excited electrons onto outer
unfilled d orbitals of transitions metals used as the NM layer
in the course of their ultrafast dynamics. We indeed find the
localization mechanism to be operative in the case of Co/W
bilayer, as also confirmed in experiments on W alone [70],
which leads to maximal violation of the virtually always as-
sumed Eq. (1) as the charge current Ix

W (t ) [Fig. 3(e)] and its
contribution to THz radiation [Fig. 3(f)] are minuscule. The
possibility of such dramatic violation of Eq. (1) is not surpris-
ing, as relations like Eq. (1) stem from the phenomenological
assumption that one can simply translate concepts from linear-
response (i.e., driven by bias voltage much smaller than the
Fermi energy) steady-state transport phenomena [31,85] to
ultrafast-light-driven materials. On the other hand, using light
of 800 nm wavelength is equivalent to applying bias voltage
of �1.55 eV (which some calculations on spintronic THz
emitters even attempt to mimic by using steady-state quan-
tum transport formulas at such finite bias voltage [84]). On
the top of it, one has to deal with ultrafast time evolution
of electrons, which can bring a host of nontrivial dynamical
correlation effects [37] that cannot be conjectured by invoking
a physical picture [71] where excited electrons simply transi-
tion across bands calculated in the GS by time-independent
DFT.

Our first-principles analysis also reveals that
Iz
Sy

(t ) ∝ ∂t My(t ) (Fig. 2), thereby explaining that the origin of
interlayer spin current is its pumping by the time dependence
of My(t ). Thus, the findings of Fig. 2 displace the need for
phenomenological “spin voltage” as the driving mechanism
[2,5,19] of interlayer spin current and its consequences [such
as spin current ∝ ∂2

t My [25], or ∝ ∂t My [5] but for My(t )
measured on FM layer alone]. Such notions anyhow cannot
be justified from a microscopic quantum statistical framework
[20]. Finally, as already discussed in Refs. [38,39], the same
time dependence of My(t ) pumps additional charge current
within the FM layer, whose real-time THz emission signal
is unraveled here [Figs. 3(c) and 3(f)]. This signal has not
been taken into account when interpreting experiments on
THz emission from a FM/NM bilayer [1–7] or a single
FM layer [4,7,86]. In the case of Co/W, Ix

W (t ) [Fig. 3(e)]
and its radiation [Fig. 3(f)] are suppressed by localization
effects [70]. In the case of Co/Pt, the THz signal radiated by
Ix
Pt (t ) is present, but shifted in phase [Fig. 3(c)] with respect
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to the signal radiated by Ix
Co(t ), so that two contributions

dominate the total THz signal within different time frames
[Fig. 3(c)].
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[80] K. Dolui and B. K. Nikolić, Spin-memory loss due to spin-orbit
coupling at ferromagnet/heavy-metal interfaces: Ab initio spin-
density matrix approach, Phys. Rev. B 96, 220403(R) (2017).

[81] K. Gupta, R. J. H. Wesselink, R. Liu, Z. Yuan, and P. J. Kelly,
Disorder dependence of interface spin memory loss, Phys. Rev.
Lett. 124, 087702 (2020).

[82] V. P. Amin and M. D. Stiles, Spin transport at interfaces
with spin-orbit coupling: Formalism, Phys. Rev. B 94, 104419
(2016).

L140415-8

https://doi.org/10.1038/ncomms5334
https://doi.org/10.1103/PhysRevB.105.144416
https://doi.org/10.1021/acs.nanolett.7b02511
https://doi.org/10.1103/PhysRevMaterials.4.104007
https://doi.org/10.1016/j.mattod.2018.05.003
https://doi.org/10.1063/1.4902069
https://doi.org/10.1038/nphys1092
https://doi.org/10.1088/2515-7639/ab0a3e
https://doi.org/10.1002/adom.202301027
https://doi.org/10.1063/1.1737467
https://doi.org/10.1119/1.18723
https://doi.org/10.1119/1.16589
https://doi.org/10.1063/1.5142502
https://doi.org/10.1007/s10825-018-1191-z
https://doi.org/10.1103/PhysRevB.85.054406
https://doi.org/10.1038/s41567-019-0602-9
https://doi.org/10.1103/PhysRevLett.131.226901
https://doi.org/10.1103/PhysRevResearch.4.043046
https://wiki.physics.udel.edu/qttg/Download_Research_Software_by_QTTG
https://doi.org/10.1016/j.cpc.2016.09.001
http://elk.sourceforge.net/
https://doi.org/10.1103/PhysRevLett.111.156401
https://doi.org/10.1021/acs.jctc.7b00104
https://doi.org/10.1038/s41524-023-01061-0
https://doi.org/10.1103/PhysRevLett.117.207204
https://doi.org/10.1103/PhysRevB.96.220403
https://doi.org/10.1103/PhysRevLett.124.087702
https://doi.org/10.1103/PhysRevB.94.104419


DECIPHERING THE ORIGIN OF SPIN CURRENT IN … PHYSICAL REVIEW B 111, L140415 (2025)

[83] V. P. Amin and M. D. Stiles, Spin transport at interfaces with
spin-orbit coupling: Phenomenology, Phys. Rev. B 94, 104420
(2016).

[84] M. A. Wahada, E. aolu, W. Hoppe, X. Zhou, H. Deniz, R.
Rouzegar, T. Kampfrath, I. Mertig, S. S. P. Parkin, and G.
Woltersdorf, Atomic scale control of spin current transmission
at interfaces, Nano Lett. 22, 3539 (2022).

[85] D. Van Tuan, J. M. Marmolejo-Tejada, X. Waintal, B. K.
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