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Spin accumulation and dissipation excited by an ultrafast laser pulse
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An ultrafast spin current can be induced by femtosecond laser excitation in a ferromagnetic (FM) thin film
in contact with a nonmagnetic (NM) metal. The propagation of an ultrafast spin current into an NM metal
has recently been found in experiments to generate transient spin accumulation. Unlike spin accumulation
in equilibrium NM metals that occurs due to spin transport at the Fermi energy, transient spin accumulation
involves highly nonequilibrium hot electrons well above the Fermi level. To date, the diffusion and dissipation
of this transient spin accumulation has not been well studied. Using the superdiffusive spin transport model, we
demonstrate how spin accumulation is generated in NM metals after laser excitation in an FM/NM bilayer. The
spin accumulation shows an exponential decay from the FM/NM interface, with the decay length increasing to
the maximum value and then decreasing until saturation. By analyzing the ultrafast dynamics of laser-excited
hot electrons, the “effective mean free path,” which can be characterized by the averaged product of the group
velocity and lifetime of hot electrons, is found to play a key role. The interface reflectivity modulates the spin
accumulation near the FM/NM interface and varies the spin decay length quantitatively.
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I. INTRODUCTION

Since the discovery of femtosecond laser-induced ultrafast
demagnetization in nickel observed by the magneto-optical
Kerr experiment [1], various related physical phenomena have
attracted much attention and have been extensively studied.
The physical mechanism of ultrafast demagnetization is under
debate for two possibilities: the local dissipation of angu-
lar momentum [2–10] and nonlocal spin transport [11–14].
Beaurepaire et al. [1] explained ultrafast demagnetization by
considering the energy coupling between electrons, spins,
and phonon baths via the so-called three-temperature model.
Later, several mechanisms based on electron-electron [2],
electron-magnon [3,4], electron-phonon [5–7], and electron-
photon [8–10] interactions were proposed. Unlike the local
spin-flip picture, Battiato et al. [11,12] proposed that the su-
perdiffusive spin transport arising from the spin-dependent hot
electrons excited by a laser pulse played a major role, which
was subsequently found to have an application for broadband
terahertz emission [15,16].

The study of hot electron transport can be traced back to
1987, when Brorson et al. [17] observed ultrafast electron
transport after femtosecond laser excitation of a gold thin film.
In particular, the velocity of the heat transport was found to be
the same order of magnitude as the Fermi velocity of Au, i.e.,
∼106 m/s, indicating that the heat transport was not due to
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electron-phonon relaxation but occurred due to the transport
of nonequilibrium hot electrons well above the Fermi energy.
Malinowski et al. [18] first demonstrated that the transport
of spin-polarized hot electrons was associated with ultrafast
demagnetization in a magnetic multilayer excited by a laser
pulse. This pioneering work stimulated many related studies
in spintronics involving ultrafast hot electron transport in the
following decade. A ferromagnetic/nonmagnetic (FM/NM)
bilayer was found to serve as a terahertz emitter [19,20], in
which a picosecond pulse of the spin-polarized current due to
the excited hot electrons from the FM metal was injected into
the NM metal. This picosecond timescale was intrinsically
determined because of the difference in the spin-dependent
velocity of the hot electrons. Owing to the large spin-orbit
coupling of the NM metal, the spin-polarized current was
then converted into a transverse charge current via the in-
verse spin Hall effect. Then, the picosecond pulse of the
transverse charge current produced electromagnetic radiation,
whose frequency was naturally located in the terahertz re-
gion. Eschenlohr et al. did not directly excite the FM metal
using the femtosecond laser. Instead, the NM metal Au in
contact with FM Ni was excited and ultrafast demagnetization
was observed in the Ni induced by the hot electrons that
were transported into the FM metal [21]. This experiment
demonstrated that the direct absorption of a femtosecond laser
was not the necessary condition for ultrafast demagnetiza-
tion. Rudolf et al. found in a Ni/Ru/Fe trilayer with parallel
magnetization for the two FM metals that laser-induced de-
magnetization in Ni transiently enhanced the magnetization
of the Fe layer, indicating spin transfer carried by hot elec-
trons [22]. Later, a spin transfer arising from femtosecond
laser-induced spin-polarized hot electrons was found to exert
a torque on an FM metal, driving its magnetization dynam-
ics within a subpicosecond timescale [23]. Such ultrafast
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magnetization dynamics can even be realized without using
an FM metal as the spin current source. For example, in a
Pt/Au/GdFeCo multilayer, Wilson et al. made laser excitation
in Pt and demonstrated that the ferrimagnetic GdFeCo layer
was switched by injected hot electrons [24]. These findings
suggest that hot electron transport is not only important in the
fundamental physics of ultrafast spin transport and dynamics
but also has potential application in femtosecond spintronics
devices [25].

There is not a consensus in the understanding of ultrafast
hot electron transport. Melnikov et al. noted that there could
be a competition of ballistic and diffusive propagation for hot
electron transport, and the measured spin relaxation time of
the hot electrons was approximately 1 ps [26]. Later, they
experimentally demonstrated that the ultrashort spin current
pulses in Fe/Au/Fe epitaxial multilayers were related to the
existence of a nonthermal spin-dependent Seebeck effect cor-
responding to ballistic transport of spin-polarized electrons in
Au [27]. Further evidence was provided by an extremely long
decay length on the order of 100 nm in Au for nonthermalized
electrons [28], which were excited optically in the adjacent Fe
thin film and injected through the Fe/Au interface as a spin
filter. Bergeard et al. reported a linear dependence of the onset
of demagnetization time on the thickness of the attached Cu
layer and attributed the observation to the ballistic transport
of hot electrons [29]. On the other hand, Hofherr et al. found
that the demagnetization dynamics of Ni/Au were mainly
caused by optically generated spin currents, which exhibited a
transition from ballistic to diffusive transport [30]. Bühlmann
et al. observed that the decay time of the spin polarization
injected from a laser-induced ferromagnet into a thin Au layer
increased with Au thickness [31]. Salvatella et al. presented
that the characteristic demagnetization times as a function of
the Al thickness had a discontinuity at dAl = 30 nm, indicat-
ing diffusive heat transport of hot electrons [32].

Transient spin accumulation was observed in Cu, Ag, Pt,
and Au during the laser-induced ultrafast demagnetization of
an attached FM multilayer [33–35]. Such transient spin accu-
mulation is significantly different from the steady-state spin
accumulation in equilibrium NM metals [36] that is usually
produced by spin pumping [37,38], the spin Hall effect [39],
and the spin Seebeck effect [40]. Transient spin accumulation
involves highly nonequilibrium hot electrons and is expected
to have a very short decay time or length. However, the
dynamics of ultrafast spin accumulation and spin relaxation
remain unclear [41]. In addition, it is unknown to what extent
the well-developed spin diffusion theory [42] responsible for
the steady-state spin current is still applicable for the ultrafast,
photoexcited spin current [43].

In this paper, we apply the superdiffusive spin transport
theory and systematically study spin accumulation in an
Fe/NM bilayer excited by a femtosecond laser pulse (see
Fig. 1). Au, Al, and Pt are selected as typical examples of
NM metals. The spin accumulation is found to exponentially
decay from the Fe/NM interface, and the extracted spin de-
cay length ls exhibits a nonmonotonic dependence on time:
increasing to the maximum value and then decreasing slightly
until saturation. We find that this behavior is mainly caused
by the movement of the center of gravity of the excited hot
electrons inside the NM metal. By combining the numerical

NM

Spin accumulation

FM jsLaser Pump

FIG. 1. Schematic diagram of ultrafast spin transport and ac-
cumulation in an FM/NM bilayer. The hot electrons in the FM
metal are excited by a femtosecond laser pulse. Owing to the spin-
dependent mobility and interface reflection, an ultrafast spin current
is injected into the NM layer. The elastic and inelastic scattering
of the ultrafast spin current results in spin accumulation in the NM
metal, which is illustrated by the red shadow.

calculation and analytical analysis, we demonstrate that both
the saturated value of ls and the time to reach its maximum
are proportional to the “effective mean free path” of the hot
electrons in the NM metal. The influence of interface reflec-
tion on spin accumulation is also discussed. The rest of this
paper is organized as follows. The theoretical methods and
computational details are briefly introduced in Sec. II. The
calculated results for spin accumulation in Fe/NM bilayers
are presented in Sec. III, including the discussions about ls
for its nonmonotonic variation in time (Sec. III A), the NM
metal dependence (Sec. III B), the effect of interface reflection
(Sec. III C), and the relation to recent experiments (Sec. III D).
Conclusions are drawn in Sec. IV.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

The superdiffusive spin transport model has been suc-
cessfully applied to describe the experimental observation
of ultrafast demagnetization resulting from excitation by a
femtosecond laser pulse. In this theory, a laser pulse creates
many nonequilibrium hot electrons, which are excited from
the occupied states below the Fermi energy EF to the energy
bands above EF . The nonequilibrium electron characteristics,
e.g., group velocities and lifetimes, depend on their spins in
magnetic metals. For example, a photon with an energy of
1.5 eV can excite the majority-spin 3d electrons in Fe to
the unoccupied 4s band, while the minority-spin 3d electrons
are excited to other unoccupied 3d bands. Therefore, the
excited nonequilibrium electrons in Fe have spin-dependent
group velocities leading to a spin-polarized current density.
Meanwhile, there are holes in the 3d bands below EF that are
neglected in the superdiffusive spin transport model because
of their relatively low mobility [44].

Nonequilibrium hot electrons above EF propagate with
their own group velocity and recombine with the holes below
EF during propagation due to a finite lifetime. Moreover,
hot electrons are scattered by phonons, impurities, and/or
other electrons. Here, we simultaneously consider the elas-
tic scattering that conserves the scattered electron energy
while changing their momenta and the inelastic scattering that
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allows the scattered electrons to lose energy. The latter may
transfer the released energy via electron-hole recombination
and excite another electron to a higher energy, which produces
a cascade of electrons that contribute to transport.

The laser-excited hot electrons can transport across an
FM/NM interface and enter the attached NM metal. Then, the
spin angular momentum is transferred from the FM material to
enhance the ultrafast demagnetization. Inside the NM metal,
the injected nonequilibrium spin-polarized hot electrons are
scattered, which leads to spin accumulation. In this work,
we explicitly calculate the time- and spatial-dependent spin
accumulation in NM metals after laser excitation in FM metal,
while numerical techniques can be found in the previously
published literature [12,45,46].

Since the laser spot is much larger than the mean free
path of the excited hot electrons, transport can be reduced
to one dimension along the interface normal of the metallic
multilayers (z axis). The key equation in the superdiffusive
spin transport model reads [12]

∂nσ (E , z, t )

∂t
+ nσ (E , z, t )

τσ (E , z)
=

(
− ∂

∂z
φ̂ + Î

)
Seff

σ (E , z, t ),

(1)
where nσ (E , z, t ) is the density of nonequilibrium hot elec-
trons with spin σ at energy E , position z, and time t . τσ (E , z)
is the lifetime of hot electrons with spin σ at energy E , and
depends on the material via its position z. Thus, the second
term on the left-hand side represents the dissipation of the
nonequilibrium hot electrons. Seff

σ (E , z, t ) in Eq. (1) is the
effective source term for hot electrons, including scattered and
newly excited electrons. φ̂ and Î are the electron flux and
identity operators, respectively. The electron flux operator φ̂

acting on the source term S(z, t ) can be explicitly expressed
as

φ̂S(z, t ) =
∫ +∞

−∞
dz0

∫ t

−∞
dt0S(z0, t0)φ(z, t |z0, t0), (2)

where the spin and energy indices are omitted for simplicity.
The flux kernel φ(z, t |z0, t0) represents the electron density
flux at a given position z and time t resulting from an electron
that is excited at z0 and t0. The superdiffusive spin transport
equation (1) is nonlocal in space and time and is solved itera-
tively [45].

Spin accumulation is defined by the difference in the
majority- and minority-spin electron density, which includes
the hot electrons above the Fermi energy and the occupied
electrons below EF , i.e.,

M(z, t ) =
∫

dE [n↑(E , z, t ) − n↓(E , z, t )]

+nocc
↑ (z, t ) − nocc

↓ (z, t ). (3)

Here, nocc
σ (z, t ) is the electron density below the Fermi level

with spin σ , which is the summation of the electrons that are
not excited and the electrons that drop to a lower energy than
EF due to inelastic scattering.

In this work, we consider three types of FM/NM bilayers,
namely, Fe/Au, Fe/Al, and Fe/Pt, where the thickness of Fe
is always fixed at 10 nm. The thickness of the NM metals is set
as 1500, 600, and 200 nm for Au, Al, and Pt, respectively. This
is to maintain an NM metal thickness that is much larger than

the length scale of the spin accumulation to avoid the finite
thickness effect. The spin-dependent lifetimes and veloci-
ties of excited electrons are determined using first-principles
many-body calculations [47,48]. The excitation laser pulse
is modeled using a Gaussian function with a wavelength of
780 nm (1.5 eV) and a full width at half maximum (FWHM)
of 50 fs. An equal number of spin-up and spin-down electrons
in Fe are excited by the laser pulse, as in the previous cal-
culation [12]. The nonequilibrium hot electrons between EF

and EF + 1.5 eV are discretized in energy with an interval of
0.125 eV. The transition probability of electron scattering is
set to be the same as that in the literature [12]. Numerically, a
spatial grid of 1 nm and a time step of 1 fs are employed.

It is important to note that we do not explicitly include
phonons in the calculation, but phonon scattering is implicitly
imposed in the elastic scattering rate to vary the momenta
of the nonequilibrium hot electrons [12]. In addition, the
spin-phonon relaxation time and electron-phonon relaxation
time are on the order of several picoseconds [6,49], which is
longer than or comparable to the total time of our calculation.
Therefore, electron thermalization due to electron-phonon and
spin-phonon interactions is neglected. This approximation is
valid unless the magnetization dynamics on a larger timescale
need to be studied.

III. RESULTS AND DISCUSSIONS

Using the superdiffusive spin transport model, the mag-
netization dynamics in the Fe/NM bilayer are calculated
immediately after excitation by a femtosecond laser pulse,
which has the maximum amplitude at t = 300 fs. As an ex-
ample, the spin accumulation that is defined by Eq. (3) in Pt is
plotted at several times, t = 300, 500, and 2000 fs in Fig. 2(a).
At every t , the calculated spin accumulation decreases from
the Fe/Pt interface, which can be reproduced by an expo-
nential decay, as shown by the solid lines. The characteristic
length of this exponential decay is then defined as the “spin
decay length” ls that varies as a function of time.

At t = 300 fs, the laser pulse just reaches the maximum
value, and only a small part of the spin angular momentum
carried by the excited hot electrons has transferred into Pt. The
spin accumulation in Pt is relatively weak, and the fitted ls is
short. At t = 500 fs, hot electrons are sufficiently excited and
transported across the Fe/Pt interface, resulting in a signifi-
cant increase in spin accumulation in Pt [see the red symbols
in Fig. 2(a)]. At t = 2000 fs, the spin accumulation near the
Fe/Pt interface decreases, while increasing in the interior Pt
at zPt = 10–50 nm. This is because an increasing number of
hot electrons move into Pt from the excitation side and are
transported to a deeper position.

To better understand the behavior of spin accumulation in
the NM layer, we plot the extracted spin decay length ls as a
function of time in Fig. 2(b). The profile of the Gaussian laser
pulse with an FWHM of 50 fs is also plotted as a light-red line
for reference. For all three NM metals, ls increases rapidly
immediately after the excitation of the laser pulse. Then, ls
reaches the maximum value at a certain time tmax, as denoted
by the arrows at 2202 fs (Au), 1520 fs (Al), and 1389 fs (Pt).
Next, ls slightly decreases and saturates to a constant value
in the calculated range of time. This nonmonotonic behavior
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FIG. 2. (a) Calculated spin accumulation in Pt at several times
after excitation by a laser pulse in Fe. z = 0 is defined at the Fe/Au
interface. The solid lines are the exponential fits to the calculated spin
accumulation to extract the spin decay length ls. The data are offset
for clarity. (b) The extracted ls for the three NM elements (NM = Au,
Al, and Pt) in the Fe/NM bilayer as a function of time. The arrows
denote the time at which ls reaches its maximum value. The light-red
line illustrates the profile of the laser pulse.

is universal for the three NM metals, and among them, Au
is found to have the largest saturation value of ls and the
latest tmax. The maximum value and saturated value of ls in
Al are both less than the corresponding values in Au. This is
different from the conventional spin-flip diffusion length for
steady-state spin transport near the Fermi level, where due
to the large spin-orbit interaction, Au would have a shorter
spin-flip diffusion length than Al [50]. On the other hand, the
saturated values of ls are still much shorter than the conven-
tional spin diffusion length because the calculated time is only
several picoseconds. This timescale is much less than the time
needed to bring the excited system back to equilibrium, which
is usually hundreds of picoseconds or nanoseconds [41].

A. Nonmonotonic behavior of ls

The unexpected nonmonotonic dependence of ls on time
is analyzed by separating the contributions from the hot elec-
trons above EF and the occupied electronic states below the
Fermi energy, i.e., the first and second lines in Eq. (3). Since
the laser does not excite the electrons in the NM metal, the oc-
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FIG. 3. Calculated spin accumulation as a function of time for
NM = Au [(a) and (b)], Al [(c) and (d)], and Pt [(e) and (f)]. (a), (c),
and (e) show the calculated data at the Fe/NM interface, i.e., z = 0.
The black, red, and blue lines represent the total spin accumulation,
the contribution from hot electrons above EF , and from the occupied
state below EF , respectively. (b), (d), and (f) show the normalized
total spin accumulation at different positions inside the NM metal.
The stars illustrate the maximum value in every curve. The vertical
dashed line represents the time tmax when the maximum ls occurs, as
marked by the arrows in Fig. 2(b).

cupied electrons have equal numbers of majority and minority
spins at a small t . After the excited hot electrons from Fe move
into the NM metal, the occupied electrons are excited by the
energy released from the inelastic scattering of hot electrons
leaving holes below EF in the NM metal. These holes can
then be recombined with hot electrons, and spin accumulation
will occur because there are more hot electrons with majority
spin than minority-spin electrons. The exponentially decaying
profile of the spin accumulation represents the finite lifetime
of hot electrons, i.e., inelastic collisions excite the next gen-
eration of hot electrons with the equal distribution for both
spins and therefore the hot electrons gradually lose the spin
polarization during the motion and dynamics inside the NM
metal. The calculated time-dependent spin accumulation at
the Fe/NM interface is plotted in Figs. 3(a), 3(c) and 3(e) for
NM=Au, Al, and Pt, respectively. The black, red, and blue
lines represent the total spin accumulation, the contribution
from hot electrons above EF , and the contribution from the
occupied states below EF , respectively. After laser excitation,
the spin accumulation increases rapidly due to the excited
majority-spin hot electrons that are quickly injected into the
NM metal. Spin accumulation soon reaches the maximum
value and then decreases slowly. The hot electrons have a
relatively short lifetime, so the red lines decay within 1 ps.
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Meanwhile, hot electrons lose their energy to other electrons
via inelastic scattering and drop below EF . Then, the spin
density that occurs as a result of the occupied states increases
gradually and tends to saturate (see the blue line). The decay
time is determined by the lifetime of the hot electrons. Au
has the slowest decay time due to the longest lifetime of hot
electrons, while the decay time is the fastest in Pt due to its
shortest lifetime. The amplitude of the spin accumulation is
larger in Pt than in Au or Al because the group velocity of
hot electrons in Pt is small and the spin density cannot move
quickly either into the interior Pt or back to Fe. In contrast,
the hot electrons in Au have a large velocity, and the spin
accumulation at the Fe/Au interface has a small amplitude.

After understanding the time-dependent spin accumulation
at the Fe/NM interface, we plot the normalized spin accu-
mulation at different positions in the NM metal in Figs. 3(b),
3(d) and 3(f). At every time, the value at z = 0 is normalized
to be unity. Then, the overall feature at every position z is
very similar to the profile at z = 0, while the maximum value
is reached at a later time than at the Fe/NM interface, as
indicated by the stars. With increasing z, the maximum value
of the spin accumulation decreases, and the time to reach the
maximum value is also delayed. This is consistent with the
physical picture that spin-polarized hot electrons are injected
into the NM metal and their center of gravity moves towards
the interior of the NM metal with a finite rate of dissipation.

Based on the calculated curves in Figs. 3(b), 3(d) and 3(f),
we can understand the nonmonotonic ls shown in Fig. 2(b)
arising from the injected pulse of hot electrons moving from
the interface towards the interior NM metal. As a conse-
quence, the nonequilibrium spin accumulation at different
positions in the NM metal does not have a synchronous vari-
ation. At small t , when the hot electron pulse just enters the
NM metal, the spin accumulation near the Fe/NM interface
rapidly increases to the maximum value, while at a large z
only increases slightly. The large difference in spin accumu-
lation near and far from the interface results in a relatively

small ls. At an intermediate time, when the hot electron pulse
moves away from the interface, the spin accumulation near
the interface decreases and tends to saturate, whereas that far
from the interface approaches the maximum. The relatively
small difference leads to a larger ls. Long after laser excitation,
the spin accumulation near the interface has already saturated,
and M away from the interface also decreases and tends to sat-
urate. Then, the position-dependent difference in M increases
again, resulting in a reduced ls. The time for the maximum ls
to occur is denoted by the vertical dashed lines in Figs. 3(b),
3(d) and 3(f). All the vertical lines are located at the time
with M near the interface already tending to saturate, while
M in the interior NM metal has not yet reached its maximum.
The location confirms the above explanation. Therefore, ls
increases with time and “overshoots” its asymptotic value
because of the movement and dissipation of the injected pulse
of hot electrons.

B. Material dependence

The nonmonotonic time dependence of ls is universal for
all three NM metals, but both the saturated value of ls in
the long-time limit and the time tmax when the maximum
of ls occurs depend on the specific material. To understand
the difference in the three representative NM metals, we first
analytically derive the dynamics of the first generation hot
electrons, i.e., the electrons excited directly by the laser pulse.
In this approximation, we assume that the electrons fall below
the Fermi energy as soon as they are scattered for the first
time.

Because the velocities and lifetimes for both spin channels
are the same in NM metals, we only consider a single spin
case without loss of generality. The first-generation electron
density flux φσ (z, t ) as a result of electrons that are excited at
position z0 and time t0 (or, for an NM metal, injected into the
NM metal at z0 = 0 and at time t0) can be generally expressed
as [12]

φσ (z, t ) =
∫ π/2

0

sin θ

2
exp

[
− 1

cosθ

∫ z

z0

dz′

τ (z′)v(z′)

]
�

[
t − t0 − 1

cos θ

∫ z

z0

dz′

v(z′)

]
�(t − t0)dθ, (4)

where θ is defined as the polar angle which considers the x and y components of the velocity and �(t) is a step function with a
value of 1 for t > 0 and a value of 0 for t � 0. The total electron density that has not passed through position z can be obtained
accordingly:

ñσ (z, t ) =
∫ π/2

0

sin θ

2

{
1 − exp

[
− 1

cosθ

∫ z

z0

dz′

τ (z′)v(z′)

]}
�

[
t − t0 − 1

cos θ

∫ z

z0

dz′

v(z′)

]
�(t − t0)dθ. (5)

Inside a homogeneous NM metal, where v and τ are both constant, the above equation can be simplified as

ñσ (z, t ) =
∫ π/2

0

sin θ

2

[
1 − exp

(
− z − z0

τv cos θ

)]
�

(
t − t0 − z − z0

v cos θ

)
�(t − t0)dθ. (6)

To obtain the local electron density at position z, we only need to differentiate Eq. (6) with respect to position as

nσ (z, t ) = ∂ ñσ (z, t )

∂z
=

∫ π/2

0

{
tan θ

2τv
exp

(
− z − z0

τv cos θ

)
�

(
t − t0 − z − z0

v cos θ

)
�(t − t0)

− tan θ

2v

[
1 − exp

(
− z − z0

τv cos θ

)]
δ
(

t − t0 − z − z0

v cos θ

)
�(t − t0)

}
dθ. (7)
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FIG. 4. Saturated ls in the calculation for the three NM metals
as a function of the product vτ , which is averaged in the energy
range from EF to 1.5 eV above EF . The red solid line illustrates the
proportionality. Inset: the time tmax when the maximum ls occurs as a
function of the saturated ls. The orange dashed line shows the linear
relationship.

In the limit of t → ∞, the second term in the above equation
vanishes because of the δ function and the integral of the first
term can be analytically carried out,

nσ (z, t → ∞) = 1

2vτ

0

( z − z0

vτ

)
, (8)

where the upper incomplete 
 function is defined by


0(x) =
∫ ∞

x

exp(−t )

t
dt . (9)

Note that Eq. (8) is the local distribution of the first-
generation electron density in the long-time limit, which
decays exponentially with the length scale vτ . Similarly, the
other spin also exhibits exponential decay with the same decay
length. Therefore, the difference in the two spins, i.e., the spin
accumulation M at a time long after the excitation, has the
same decay length vτ , which determines the saturated ls. To
verify this analysis, we plot the saturated ls for Au, Al, and
Pt in Fig. 4 as a function of the product vτ that is averaged
for the hot electrons in the energy range from EF to 1.5 eV
above EF . ls is found to be larger than the averaged product
vτ , but a perfect proportionality is illustrated by the red solid
line. In reality, multiple generations of excited hot electrons
extend the propagation length, but scaling with the material
parameter vτ still holds.

The change in spin angular momentum exhibits Elliott-
Yafet-like behavior because it is only caused by the decay and
reexcitation of hot electrons. The averaged product vτ can be
regarded as the “effective mean free path” of the hot electrons.
Then, the injected spin can propagate to a deeper position in
an NM metal with a larger vτ , as found in Fig. 2(b). For the
time tmax when the maximum ls appears, a similar explanation
is found. Near the Fe/NM interface, the time to reach the
maximum spin accumulation is relatively fast within 500 fs
despite the slight difference among the three NM metals. On
the other hand, with a large “effective mean free path,” the spin
accumulation away from the interface keeps increasing and

therefore postpones the time tmax. Both the saturated values of
ls and tmax are quantities used to characterize the propagation
capability of the superdiffusive spin current, and are expected
to have a positive correlation. As plotted in the inset of Fig. 4,
the linear dependence of tmax on the saturated ls for the three
NM metals is shown.

C. Effect of interface reflectivity

At an actual Fe/NM interface, the potentials seen by the
laser-excited hot electrons are significantly different on each
side, resulting in a finite transmission probability of the in-
coming electrons. In particular, the transmission or reflection
probability depends on the energy and spin of the hot electrons
[46]. In the above calculations, we neglect the interfacial
reflectivity and assume a transparent interface for all elec-
trons. Here, Fe/Pt and Fe/Au bilayers are used as examples
to examine the influence of the interface reflectivity on spin
accumulation and dissipation in NM metals. We follow our
previous work [46], where the Fe/NM interface resistance
was calculated in the energy range of 0–1.5 eV above the
Fermi level. The spin-down electrons were found to have a
higher reflectivity than the spin-up electrons, leading to the
spin filtering effect in both directions. The calculated interfa-
cial reflectivity has been incorporated into the superdiffusive
spin transport model to calculate the laser-induced magneti-
zation dynamics and terahertz emission of the Fe/NM bilayer
[46].

Using this scheme, we calculate the spin accumulation in
Pt after laser excitation of the attached Fe layer, which is
shown in Fig. 5(a) with the real interface reflectivity (red lines)
at three typical times. The calculated results using a trans-
parent interface are plotted as the black lines for comparison.
At t = 400 fs, i.e., 100 fs after the maximum intensity of the
laser pulse, the spin accumulations of the real and transparent
interfaces are nearly identical. M only has a slightly lower
amplitude at the real interface. This is because of the spin fil-
tering effect of the Fe/Pt interface: the spin-up electrons have
a higher probability of passing through the interface than the
spin-down electrons. But they are mostly accumulated near
the interface due to their relatively low mobility. Although
the spin filtering effect increases the nonequilibrium majority
spins injected into Pt, the accumulated spin at the interface
also has a higher probability of flowing back to Fe. Eventually,
the calculated spin accumulation is slightly lower only at
the Fe/Pt interface after consideration of the real interface
reflectivity.

At a later time, t = 700 fs and t = 2000 fs, the difference
between the real and transparent interfaces becomes slightly
larger but only within 5 nm from the interface. In a more
interior region of Pt, the interface reflectivity does not change
the numerical results of the spin accumulation. By includ-
ing the real interface reflectivity, the slightly lowered spin
accumulation near the interface leads to an increase of the
extracted ls, as shown in the inset of Fig. 5(a). The saturated
values of ls in the long-time limit increases from 9.9 nm with
the transparent interface to 11.7 nm with the real interface.

The situation is slightly different in Au. As shown in
Fig. 5(b), the spin accumulation with real interface reflectivity
becomes a little larger than that calculated with transparent
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FIG. 5. Calculated spin accumulation in Pt (a) and Au (b) with
transparent (black lines) and real (red lines) interfaces at t = 400,
700, and 2000 fs as a function of the distance from the Fe/NM
interface. For the real interface, the spin- and energy-dependent
reflectivity obtained from first-principles transport calculations has
been incorporated into the superdiffusive spin transport model [46].
The curves are offset for clarity. Insets: extracted ls as a function
of time with real interface reflectivity (red lines). The results ob-
tained with transparent interface are shown as the black lines for
comparison.

interface at t = 400 and 700 fs. This is because the hot elec-
trons in Au have much higher mobility. After the large amount
of majority-spin electrons are injected into Au owing to the
spin filtering effect, they quickly move into the interior region
of Au and escape from flowing back to Fe, in contrast to
the Fe/Pt case. At t = 2000 fs, the spin accumulation at the
interface has already saturated and there are few hot electrons
injected into Au. Then the spin filtering effect drives more
majority-spin electrons flowing back to Fe resulting in a lower
spin accumulation with real interface reflectivity. At the same
time, we see a higher spin accumulation around zAu = 200 nm
for the real interface than the transparent one. We show ls for
the Fe/Au system in the inset of Fig. 5(b), which is increased
by including the real interface reflectivity.

Although the interface reflectivity mostly influences the
spin accumulation near the interface, it leads to a sizable
variation of the spin decay length ls while the “overshooting”
of ls is qualitatively the same. Moreover, either the decrease
of the spin accumulation near the interface or the increase in

the interior region results in a larger spin decay length ls, as
shown in the insets of Fig. 5.

D. Relation to experiments

The theoretical calculations shown in this section can be
used to qualitatively understand recent experimental observa-
tions. By excluding optical interference, Alekhin et al. probed
the spin polarization at the Au surface in the Fe/Au multilayer
excited by a laser pulse, as shown in Fig. 4(a) in Ref. [27]. The
measured spin polarization was always positive, although it
increased first and then decreased, forming a nonmonotonic
behavior. This is counterintuitive because the injected spin
current from FM to the NM metal exhibits a positive spin po-
larization in the first half and a negative polarization later (see,
e.g., Fig. 4 in Ref. [19]). By explicitly calculating the spin
accumulation in the NM metal, as shown in Figs. 2 and 3, we
reproduce the positive sign measured in experiment. The spin
accumulation is mainly contributed to by the majority-spin hot
electrons because the mobility of the minority-spin carriers
is much weaker and usually only has a minor effect. The
estimated decay length of hot electrons in Au is approximately
100 nm [28], comparable with the saturated value of ls = 160
nm in our calculation. In addition, we could not reproduce the
quantitative ls using the first-generation hot electrons due to
the significant contribution of the cascade of electrons, indi-
cating the superdiffusive nature of the ultrafast spin current.
The multiple generations of hot electrons essentially exhibit
a transition from ballistic to diffusive transport [12]. This pic-
ture is consistent with the experiment by Bühlmann et al. [31],
who found that the decay time of the spin polarization in Au
injected from Fe increased with increasing the Au thickness,
suggesting that spin transport carried by hot electrons was
not purely ballistic. Note that we only consider the electronic
and magnetization dynamics in a few picoseconds, which is
much smaller than the time needed for the system to return
to equilibrium. To study the process for ls recovering the
spin-flip diffusion length in equilibrium, a simulation must
be performed with several orders of magnitude longer time
and include additional relaxation mechanisms [30], such as
the electron-phonon and spin-phonon interaction.

IV. CONCLUSIONS

We systematically studied the spin accumulation and dis-
sipation in NM metals with NM=Au, Al, and Pt using the
superdiffusive spin transport model for Fe/NM bilayers. The
spin accumulation shows an exponential decay with the dis-
tance from the Fe/NM interface, which can be characterized
by a spin decay length, ls. Unlike the constant spin-flip diffu-
sion length in equilibrium, the calculated ls first increases and
then decreases with time. This nonmonotonic behavior can be
understood by analyzing the hot electron dynamics excited by
a laser pulse. Specifically, the ultrafast spin current carried
by hot electrons is injected from the Fe/NM interface, and
gradually decay while moving towards the interior region in
the NM metal. The competition of spin accumulation near the
interface and in the interior region leads to the time-dependent
variation of ls. The saturated value of ls in the long-time
limit is proportional to the averaged product of the electron
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velocity v and lifetime τ , the “effective mean free path” of
the hot electrons. The time tmax for the maximum ls to occur
is also proportional. The hot electron reflection at the Fe/NM
interface slightly modulates the spin accumulation near the
interface but effectively increases the extracted spin decay
length. The influence is more significant in the Fe/Au system
because of the large mobility of hot electrons in Au.
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