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We investigate the laser-induced ultrafast injection of spin from a ferromagnetic (FM) material into a
nonmagnetic (NM) one, for a diverse set of FM-NM interfaces. For all systems, we find the early time
(t < 20 fs) spin dynamics to be driven by spin currents, with majority spin transferred to the NM and
minority spin to the FM. At later times, spin-orbit-induced spin flips further demagnetize the FM, but also
deplete the NM of the substantial spin moment injected during the sub-20-fs spin dynamics. We identify
the density of unoccupied states in the NM material to be the key physical property that underpins the
physics of ultrafast demagnetization of FM layers and a complex interplay of this density of states with
the spin-orbit (SO) coupling strength of the NM substrate to be responsible for spin-injection efficiency.
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I. INTRODUCTION

Ferromagnetic-nonmagnetic (FM-NM) interfaces repre-
sent the basic design architecture of both spin-injection
as well as magnetic-memory devices [1]. As these repre-
sent crucial components of any future spintronics device
[2–8], the laser-induced spin dynamics at FM-NM inter-
faces has been an intense topic of research [9–23]. It is
widely believed that the spin-orbit (SO) coupling strength
of the nonmagnetic layers plays a crucial role, controlling
both the efficiency of spin injection across the interface
as well as the amplitude and speed of demagnetization of
the magnetic layers, which is significantly increased over
the intrinsic demagnetization properties of the magnetic
material [24–26]. However, the most important questions
in this field, which guide our understanding of the under-
lying physics of these observations, remain unanswered:
(a) Why does spin injection across the interface depend
strongly on the SO coupling strength? (b) Are both, major-
ity and minority, spin channels involved in the process
of spin injection and demagnetization? (c) What under-
pins the enhanced amplitude of demagnetization found in
the interface geometry? All these questions, if answered,
would take us a step closer to the precise control of spins
by light.

In the present work, we answer all these questions via
fully ab initio calculation of laser-induced spin dynamics
in the highly nonequilibrium state for several atomically
clean interfaces: Co/Pt, Co/Au, Co/Al, Ni/Pt, Ni/Au, and
Ni/Al. These extensive calculations reveal the existence
of an early time (t < 20 fs) spin-transfer phase in which

*sharma@mbi-berlin.de

optical excitation injects majority spins from the FM into
the NM layers, while, simultaneously, minority-spin cur-
rent flows into the FM layers. Subsequently, spin currents
modulated by the SO interaction lead to spin-flip scat-
tering, which causes an overall demagnetization of the
multilayer. We find that the spin dynamics of both these
phases are controlled to a large extent by the interface
density of states, thus opening the way for the design of
efficient spin-injection and magnetic-memory devices.

II. THEORY

The Runge-Gross theorem [27] establishes that the time-
dependent external potential is a unique functional of the
time-dependent density, given the initial state. Based on
this theorem, a system of noninteracting particles can be
chosen such that the density of this noninteracting sys-
tem is equal to that of the interacting system for all
times [28,29]. The wave function of this noninteracting
system is represented as a Slater determinant of single-
particle orbitals. In what follows, a fully noncollinear
spin-dependent version of these theorems is employed
[30]. The time-dependent Kohn-Sham (KS) orbitals are
treated as Pauli spinors, which are determined by solving
the following equations:
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where Aext(t) is a vector potential representing the applied
laser field and σ are the Pauli matrices. The KS effec-
tive potential vs(r, t) = vext(r, t)+ vH (r, t)+ vXC(r, t) is
decomposed into the external potential vext, the classical
electrostatic Hartree potential vH , and the exchange-
correlation (XC) potential vxc. Similarly, the KS magnetic
field is written as Bs(r, t) = Bext(t)+ BXC(r, t), where
Bext(t) is the magnetic field of the applied laser pulse plus
possibly an additional magnetic field and Bxc(r, t) is the
XC magnetic field. The final term of Eq. (1) is the spin-
orbit coupling term. It is assumed that the wavelength of
the applied laser is much greater than the size of a unit cell
and the dipole approximation can be used, i.e., the spatial
dependence of the vector potential is disregarded.

In order to analyze the contribution of each term in the
Hamiltonian in Eq. (1) to the dynamics of the magnetiza-
tion M(t) = ∫

m(r, t)d3r = ∫ 〈σ̂ n̂(r, t)〉d3r, where n̂ is the
density operator and m(r, t) is the magnetization density,
we start by calculating the dynamics of the magnetization
density [31] using Ehrenfest’s theorem:

∂

∂t
mj (r, t) = i〈[Ĥs, σ̂j n̂(r, t)]〉. (2)

Substitution of Ĥs from Eq. (1) into Eq. (2) leads to

∂

∂t
m(r, t) = −∇ · ←→J (r, t)+ 1

c
[Bs(r, t)×m(r, t)]

+ 1
4c2 [∇n(r, t)×∇vS(r, t)]

+ 1
2c2

[←→
J T(r, t)− Tr

{←→
J (r, t)

}]
·∇vS(r, t), (3)

where
↔
J (r) =↔J p (r)+

↔
J d (r) corresponds to the total

spin-current tensor with paramagnetic component
↔
J p

(r) = 〈σ̂ ⊗ (1/2){n̂(r), p̂}〉 and diamagnetic component
↔
J d (r) = m(r)⊗ (1/c)Aext.

The first term in Eq. (3) integrates to zero [31], i.e.,
it does not contribute to the global change in moment.
However, this term dominates the physics of local moment
change due to the flow of the spin current from one part
of the material to another [32], e.g., from ferromagnetic
to nonmagnetic layers in the present work. In all calcula-
tions, we use the adiabatic local-spin-density approxima-
tion (ALSDA) [33], which implies that the second term of
Eq. (3), Bs(r, t)×m(r, t), is identically zero at each point
in space and time [34]. In a recent work, it was demon-
strated that this limitation does not significantly affect spin
dynamics in interfaces [35,36], where magnetic anisotropy
energy is of the order of a few milli-electron-volts. The
third term of Eq. (3) also integrates to zero. The final term
in Eq. (3) shows the interplay of the SO coupling and the
spin currents.

III. COMPUTATIONAL DETAILS

All implementations employ the state-of-the art full-
potential linearized augmented plane wave (LAPW)
method. Within this method, the core electrons (with
eigenvalues 95 eV below the Fermi energy) are treated
fully relativistically by solving the radial Dirac equation,
while higher-lying electrons are treated using the scalar
relativistic Hamiltonian in the presence of the spin-orbit
coupling. To obtain the two-component Pauli spinor states,
the Hamiltonian containing only the scalar potential is
diagonalized in the LAPW basis: this is the first varia-
tional step. The scalar states thus obtained are then used
as a basis to set up a second-variational Hamiltonian with
spinor degrees of freedom [37]. This is more efficient
than simply using spinor LAPW functions; however, care
must be taken to ensure that a sufficient number of first-
variational eigenstates are used to ensure convergence of
the second-variational problem.

A fully noncollinear version of time-dependent density
functional theory as implemented within the ELK code [38]
is used for all calculations [39]. A regular mesh in k-space
of 8× 8× 1 is used and a time step of �t = 0.002 fs
is employed for the time-propagation algorithm [40]. A
smearing width of 0.027 eV is used. For all ground-state
calculations, a full structural optimization is performed.
We find that the effects of lattice relaxation are very small
in the spin dynamics in these interfaces. For all the cases,
three layers of magnetic metal (Co or Ni) form an interface
with five layers of nonmagnetic metal. Three kinds of non-
magnetic metals are used: Al, Au, and Pt. The (001) plane
of the nonmagnetic metal is used. The interfaces are atom-
ically clean and we assume that no alloying occurs at the
interface. This is an important assumption, as the results
for alloyed, rough, and/or dirty interfaces differ from the
present data.

We solve Eq. (1) for the electronic system alone. Cou-
pling of the electronic system to the nuclear degrees of
freedom is not included in the present work. Radiative
effects, which can be included by simultaneously time-
propagating Maxwell’s equations, are also not included in
the present work. At longer time scales, these effects are
expected to contribute significantly.

IV. RESULTS

In Fig. 1 are shown results for magnetization dynam-
ics as a function of time for three monolayers (MLs) of
Co and three MLs of Ni on various nonmagnetic metals.
We first examine the spin dynamics of the magnetic layers,
displayed as the normalized moment for three MLs of Co
[Fig. 1(a)] and for three MLs of Ni [Fig. 1(b)]. These mag-
netic layers all demagnetize significantly upon excitation
with the linearly polarized laser pump pulse; we employ
a pulse with full width at half maximum (FWHM) 12 fs,
frequency ω = 1.55 eV, and a fluence of E = 29 mJ/cm2.
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FIG. 1. The normalized moment
[M (t)/M (t = 0)] as a function of
time (in fs) for (a) three layers of
Co and (b) three layers of Ni on
various nonmagnetic metals. The
change in the moment, M (t)−
M (t = 0) (in μB), as a function of
time for the nonmagnetic layers in
(c) a Co-NM interface and (d) a
Ni-NM interface.

The amplitude of this demagnetization in FM layers is,
however, seen to be profoundly sensitive to the type of
nonmagnetic metal at the interface, with minimum demag-
netization observed for FM-Al(001) and the maximum for
FM-Pt(001). On comparing the demagnetization of these
interfaces with the slab of FM material deposited on an
insulating substrate [see Figs. 1(a) and 1(b)], we note that
the amplitude of demagnetization is greatly enhanced in
the interface as compared to the slab. In the past, a similar
enhancement in the amplitude and speed of demagnetiza-
tion of a Co/Pt(001) interface as compared to a Co slab has
been experimentally demonstrated, and it was concluded
that the SO coupling of Pt, which is much larger than that
of Co, underpinned this observed increase in the ampli-
tude of demagnetization [24,25,41]. In the present work as
well, we see that on going from Al to Pt as the SO cou-
pling constant increases, the amplitude of demagnetization
also increases. It is also interesting to note that the rate
of demagnetization for t > 35 fs is the same (0.006 μB/fs
for Co-NM and 0.005 μB/fs for Ni-NM) for all inter-
faces and that the SO coupling constant of the nonmagnetic
metal plays no role in this time regime. However, it is
important to mention that since the Elliot-Yaffet-like scat-
tering [14,42–44] due to impurities and phonons is not
included in the present work, this rate is expected to be
underestimated for longer times (of the order of 100 fs).

We now turn our attention to the spin dynamics in
the nonmagnetic layers of the interface: these results are
shown for Co-NM in Fig. 1(c) and for Ni-NM in Fig. 1(d).
The moment of the nonmagnetic layers shows an initial
increase (for times≤ 25 fs). The amplitude of this increase

in moment [45] is a maximum for Pt and a minimum for
Au substrate. The subsequent demagnetization in the Pt
and Au layers is large and almost all the induced moment
is lost. In contrast to this, the Al layers remain in a tran-
sient magnetic state until the end of our simulation at 100
fs. It is important to mention that in case of FM-Pt(001),
the induced moment on the Pt layers is lost within about
25 fs, making it experimentally challenging to observe.
These findings raise the question of whether the increase in
the amplitude of demagnetization can, beyond the apparent
trend of the results, be definitively tied to the SO coupling
constant. We will now explore this question.

The key difference between the slab and the interface
geometry is that in the latter case spin current is allowed
to flow across the interface. To understand what percent-
age of the total demagnetization in the magnetic layers is
due to the flow of spin current [32], we compare the total
spin dynamics with a simulation in which the SO inter-
action is switched off. In this case, the equation of motion
involves only the divergence of the total current tensor [see
Eq. (3)] and thus demagnetization can only occur due to
spin transfer, as spin-flip processes are not allowed. The
total spin moment of the material is then conserved, i.e.,
the sum of the following three stays constant in time: (i)
the moment of the magnetic layers, (ii) the moment gained
by the nonmagnetic substrate layers, and (iii) the moment
of the highly excited electrons that cannot be assigned to
any of the atoms. The magnetic moments of the Co and
NM layers, obtained in the absence of SO coupling, in Co-
NM interfaces are shown in Fig. 2 (the contribution from
highly excited electrons is not shown in this figure).
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FIG. 2. The change in moment, M (t)−M (t = 0) (in μB), as
a function of time (in fs) calculated with (solid lines) and with-
out SO coupling (dashed lines). The results are shown for (a)
Co/Al(001), (b) Co/Au(001), and (c) Co/Pt(001).

It is clear from these data that the demagnetization
dynamics can be divided into three time scales:

(1) Below 20 fs, the purely spin-current-induced
demagnetization of the Co layers is almost the same
as the total demagnetization, i.e., the moment loss in
the magnetic layers is dominated by spin transfer from
the magnetic to the nonmagnetic layers. This spin trans-
fer also results in an increase of the moment on the
nonmagnetic layers. The early time spin dynamics of
the Co-NM interface is thus dominated by the optically

induced intersite spin transfer (OISTR) physics [46], found
previously to dominate the early time spin dynamics of
magnetic FM-antiferromagnetic(-AFM) multilayers and
the Heusler alloys [47]. During this time (below 20 fs),
the demagnetization rate is slowest for FM-Al (0.15 μB/fs
for Co/Al(001) and 0.05 μB/fs for Ni/Al(001)) and fastest
for FM-Pt (0.27 μB/fs for Co/Pt(001) and 0.12μB/fs for
Ni/Pt(001)).

(2) After about 20 fs, in the absence of SO, the demag-
netization curve saturates; however, with SO switched on,
further significant demagnetization is seen between 20 and
35 fs. In this time window, both spin flips and spin cur-
rents together are involved in the spin dynamics [again see
Eq. (3)] and, as a consequence, demagnetization of both
the Co and the nonmagnetic layers occurs.

(3) For times greater than 35 fs, spin flips alone dom-
inate the demagnetization. During this period, the SO
coupling of the nonmagnetic metal does not influence the
spin dynamics of the magnetic layers and the Co layers in
all interfaces demagnetize at the same rate (same trend is
seen in the Ni-NM interfaces).
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FIG. 3. (a) The ground-state density of states (in states per elec-
tron volt per spin) projected on the interface nonmagnetic layer.
(b) The change in moment (in μB) as a function of time (in fs)
for the nonmagnetic layers. This change in moment is calculated
without a SO coupling term in the Hamiltonian.
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FIG. 4. The normalized moment as a function of time
(in fs) for Co layers in Co/Pt(001) (red) and Pt(001)/Co/Pt(001)
(blue).

These three time scales in the demagnetization process
have been confirmed experimentally [48] for Co/Cu(001).
Thus, despite the apparent trend that the demagnetization
amplitude increases with increasing SO, the present results
show that the amplitude of this demagnetization is dom-
inated by OISTR (i.e., spin currents) [46]. A closer look
shows that the contribution of OISTR to the amplitude of
total demagnetization is approximately 78% in Co/Al and
about 60% in Co/Pt, making it the most significant term in
the early time spin dynamics of FM-NM interfaces.

It still remains to be understood as to why the spin
current (and hence the amplitude of demagnetization)
increases on going from Al to Pt. To understand this,

we examine the density of states (DOS) of the Al, Au,
and Pt layers at the interface. In Fig. 3(a) is shown
the interface-layer projected DOS and in Fig. 3(b) the
comparison of the moment in these layers (Al, Au, and Pt)
as a function of time and in the absence of SO coupling.
The number of available states (above the Fermi level) is a
maximum for Pt and a minimum for Al in the energy range
0–1.55 eV, which is the frequency of the pump laser pulse.
The current-induced magnetic moment in these nonmag-
netic layers shows exactly the same trend, implying that
the availability of states plays a major role in the early time
increase in amplitude of demagnetization on going from Al
to Pt and not, as previously assumed, the increase in the SO
coupling constant.

These results are interesting in that given the high flu-
ence of the laser pulse, the dynamics is expected to be
highly nonlinear, yet we find that the ground-state DOS
gives an indication of the observed early time spin dynam-
ics. Similar physics has been observed in both FM-AFM
interfaces [46], as well as in the Heusler alloys [47], and
the underlying reason for this is that the linear-order term
in the current is very important, and hence OISTR is
largely decided by the ground-state DOS.

These results suggest that if one were to make an inter-
face of the kind NM-FM-NM, such that the current could
flow from the FM layers across both interfaces, then this
should lead to a further increase in the amplitude of demag-
netization of the FM layers. In order to test this, we
perform such calculations for Pt(001)/Co/Pt(001) and the
results, together with those of Co/Pt(001), are presented
in Fig. 4. As expected, the amplitude of demagnetiza-
tion is enhanced in a Pt-rich interface. Furthermore, this
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FIG. 5. The number of majority (Maj)
and minority (min) electrons as a func-
tion of time (in fs). The results calculated
with the full Hamiltonian are presented
for (a) Co/Al(001) and (c) Co/Pt(001).
The results calculated in the absence
of SO coupling are presented for (b)
Co/Al(001) and (d) Co/Pt(001).
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enhancement takes place in the spin-current dominated
time scale of < 20 fs, indicating an increase in OISTR
across the interface to be the main reason for this amplitude
enhancement.

To understand the nature of the spin currents in these
systems, we now examine the time dependence of the
number of majority and minority electrons in the mag-
netic and nonmagnetic layers. Such results for Co/Al(001)
and Co/Pt(001) are shown in Fig. 5. We first consider the
results obtained without SO coupling [panels (b) and (d)
of Fig. 5]. With SO coupling switched off, demagnetiza-
tion of magnetic layers occurs only due to intersite spin
transfer (i.e., the flow of spin current across the interface),
visible from these results through the approximate com-
pensation of the decrease of in majority-spin electrons in
the Co layers and a corresponding increase in the Al and
Pt layers (leading to the observed increase in the moment
on these nonmagnetic layers). Interestingly, we also find
that a large number of minority carriers also move from
the nonmagnetic layers to the Co layers, apparent as an
increase in the minority carriers of the Co layers and a cor-
responding decrease in the Al and Pt layers. This enhances
the amplitude of both the demagnetization of the magnetic
layers and the magnetization of the nonmagnetic layers.
The total spin-up and spin-down occupation numbers are
not strictly conserved because some of the electrons are
excited into high-energy states that are highly delocalized
and hence cannot be associated with either the magnetic or
nonmagnetic atoms.

We now consider the corresponding results when the SO
coupling is included. The presence of SO coupling leads
to spin flips in the Al and Pt layers, thereby increasing
the number of minority carriers and decreasing the num-
ber of majority carriers in these layers. These minority
carriers can also then flow into the Co layers, lead-
ing to further demagnetization of the Co layers. These
spin flips from the majority- to the minority-spin chan-
nel in Al and Pt layers also have the effect of provid-
ing more empty majority states in these layers, and thus
more majority electrons can flow from Co into these
empty majority states. This then further enhances the
amplitude of demagnetization of Co. These results clearly
indicate that the mechanism of demagnetization involves
spin currents of both minority and majority states, and
is not dominated by a flow of majority carriers into the
nonmagnetic layers, as proposed by the superdiffusive
model [49–51]. In fact, the total demagnetization is due
equally to an injection of minority-spin carriers into and
a flow of majority-spin carriers out of magnetic layers.
At this point, it is important to mention that when the
material demagnetizes, we do not see any increase in
the orbital angular moment. Hence we expect that the
moment goes to the lattice at subfemtosecond time scales,
leading to the conservation of global angular momen-
tum.

TABLE I. The spin-injection efficiency (in %) calculated in
two different ways: the second column is calculated based on
total moment (see the text for details) and the third column is
based on the number of majority carriers (see the text for details).

Interface Efficiency (a) Efficiency (b)

Co/Al(001) 41 30
Co/Au(001) 12 22
Co/Pt(001) 19 8
Ni/Al(001) 20 26
Ni/Au(001) 29 6
Ni/Pt(001) 32 4

For spintronic devices based on FM-NM interfaces, it
is crucial to have a large spin-injection efficiency [26],
i.e., the percentage of majority spins lost by the magnetic
layer that is gained by the nonmagnetic layers should be
high. This efficiency can be defined in two ways involv-
ing changes of either the magnetic moment in the FM and
NM layers or changes in the number of majority elec-
trons in these layers: i.e., as either �MNM(t)/�MFM(t),
where �MFM is the loss in moment of the FM layers and
�MNM is the gain in moment on the nonmagnetic layers or
�nNM(t)/�nFM(t), where�nFM is the loss in majority car-
riers of the FM layers and�nNM is the gain in the majority
carriers by the nonmagnetic layers. As we demonstrate in
Fig. 5, both spin channels play a significant role in chang-
ing of the moment of the NM layers, and hence the second
of these definitions is the more rigorous, although it is more
difficult to use experimentally. Thus we now calculate the
spin-injection efficiency for all FM-NM interfaces using
both these definitions (see Table I) at t = 20 fs. From these
results, it is clear that by either definition, Co/Al(001) has
the highest spin-injection efficiency.

V. CONCLUSIONS

Through the employment of a fully ab initio description
of laser-induced nonequilibrium spin dynamics in conjunc-
tion with an extensive set of ferromagnetic-nonmagnetic
interfaces, we study the ultrafast demagnetization of the
ferromagnetic (FM) layers, and spin injection into the non-
magnetic (NM) layers. Our key finding is that the initial
spin dynamics (t <∼ 20 fs) is driven almost entirely by
optically induced spin transfer across the interface, con-
trolled by the availability of unoccupied states. Both spin
channels are equally active in this spin-transfer phase,
which involves the flow of majority-spin states into the
NM layers and, at the same time, minority-spin states into
the FM layers. This results in demagnetization of the FM
layers and a simultaneous substantial magnetization of the
NM layers, with little change in the total system moment.
After this all-optical phase, majority- and minority-spin
currents couple via the spin-orbit (SO) interaction, result-
ing in further demagnetization of the FM layers and, in
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the case of strong spin-orbit coupling, almost complete
demagnetization of the NM layers. For longer times, spin
currents play no role and the subsequent slow depolariza-
tion rate is driven by spin-flip scattering induced by the
electron-electron interaction as well as the Elliot-Yaffet
mechanism. We thus identify the density of available states
and the spin-orbit coupling in the nonmagnetic material as
two key parameters controlling both ultrafast demagneti-
zation as well as spin injection into the NM. To optimize
ultrafast demagnetization, both of these should be maxi-
mized, while for spin-injection efficiency their interplay
is more complex—on the one hand, SO-mediated spin
flips, from majority to minority, make more majority states
available for spin injection, while on the other, such spin
flips reduce the majority-spin-injection efficiency.
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