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Spin-orbit coupling induced demagnetization in Ni:
Ab initio nonadiabatic molecular dynamics perspective
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Spin-orbit coupling (SOC), which can induce spin flip during the relaxation of photoexcited charge carrier,
plays a crucial role in spin dynamics. In this work, we have used time-domain ab initio nonadiabatic molecular
dynamics (NAMD) method to study the SOC induced ultrafast demagnetization in Ni at 300 K. The spin-diabatic
representation using spin-polarized Kohn-Sham (KS) basis sets and spin-adiabatic representation using spinor
basis sets have been applied, and both of them achieve demagnetization in Ni with a timescale around 100 fs. The
spin-diabatic representation suggests a picture that the electron-phonon coupling (EPC) provides direct energy
relaxation channel among the same-spin states, while the SOC can induce spin flip. After photoexcitation, it is
found the spin-minority electrons relax to the same-spin states rather than the opposite-spin states, since EPC is
larger than SOC by one order of magnitude. By contrast, for the spin-majority electrons, spin flip occurs since
there are no empty same-spin states as electron acceptor above the Fermi level. The different relaxation pathways
for spin-majority and spin-minority electrons induce the demagnetization. The spin-adiabatic representation
provides an Elliott-Yafet spin-phonon scattering picture. The SOC induced reduction of magnetic moment in
Ni may induce magnon to drive further demagnetization. The ab initio NAMD simulation provides a critical
angle to understand how the SOC and EPC affect demagnetization process in Ni.

DOI: 10.1103/PhysRevB.105.085142

I. INTRODUCTION

Understanding, predicting, and ultimately controlling ex-
cited carrier dynamics is at the heart of diverse physics,
chemistry, and material science, which has many applications
in photovoltaics, photocatalysis, plasmonics, spintronics,
and valleytronics et al. After photoexcitation, the excited
carriers have different relaxation pathways in which vari-
ous mechanisms, including electron-phonon, electron-hole,
electron-electron, spin-orbit interactions et al., come into play.
To understand these complex excited carrier dynamics, real-
time ab initio investigations are essential.

Generally, during the nonradiative relaxation, the en-
ergy of excited carriers is transferred to the phonon system
by electron-phonon coupling (EPC). The recently devel-
oped ab initio nonadiabatic molecular dynamics (NAMD)
approach [1], which combines time-dependent Kohn-Sham
(TDKS) equation with surface hopping scheme and ab initio
molecular dynamics, accounts for EPC in real-time do-
main. In recent decades, it has been applied successfully
to many solid systems for the investigation of nonradiative
relaxation [2,3]. Very recently, GW+real-time BSE-NAMD
method was developed, in which the electron-hole (e-h) in-
teraction is considered based on GW+BSE [4]. Different
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from the EPC and e-h interaction, the spin-orbit coupling
(SOC) provides another relaxation channel for the photoex-
cited charge carrier. Analogous to a magnetic field, SOC can
induce spin flip during the charge relaxation by transferring
the spin angular momentum to the orbital angular momentum,
which provides a unique way to change the magnetization in
an ultrafast manner. In such a process, the spin can scatter
with phonons where the SOC and the EPC collectively af-
fect the excited carrier energy and spin relaxation. Therefore,
SOC-included ab initio NAMD method is a powerful tool
for the design of ultrafast spintronic materials and devices. In
previous work, people have studied how the SOC affects the
charge transfer or hot carrier relaxation by ab initio NAMD
simulation [5,6]. Yet, it has not been applied to study the SOC
induced spin dynamics.

The ferromagnetic metal nickel provides an excellent pro-
totypical system to study how the SOC and lattice phonon
excitation affect the spin dynamics coherently. Ultrafast de-
magnetization induced by photoexcitation in Ni has been
observed for decades [7]. Numerous experiments have been
performed on Ni ferromagnets and ferrimagnetic alloys,
showing that the magnetization is quenched within 100 to
500 fs [8–11] and different physical mechanisms have been
proposed [7,9,12–26]. Among all these mechanisms, the spin-
phonon scattering via SOC leading to spin flip was proposed
to play an important role. As early as the 1990s’, the phe-
nomenological three-temperature model has been proposed,

2469-9950/2022/105(8)/085142(7) 085142-1 ©2022 American Physical Society

https://orcid.org/0000-0002-1349-0999
https://orcid.org/0000-0003-0022-3442
https://orcid.org/0000-0003-1346-5280
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.085142&domain=pdf&date_stamp=2022-02-24
https://doi.org/10.1103/PhysRevB.105.085142


ZHENFA ZHENG, QIJING ZHENG, AND JIN ZHAO PHYSICAL REVIEW B 105, 085142 (2022)

describing the interaction between the electron, spin, and
lattice subsystems [7]. Later, Koopmans et al. introduced
a microscopic model based on the Elliott-Yafet type of
spin-phonon scattering, which is described using a spin-flip
probability determined by the SOC-induced spin mixing [14].
Oppeneer et al. introduced the full electron-phonon ma-
trix elements and phonon dispersions obtained by ab initio
calculations to simulate such Elliott-Yafet spin-phonon scat-
tering [16]. All these previous works provide valuable insights
into the spin-phonon scattering induced spin flip, in which
the electron, spin, and lattice systems interact with each other
through EPC and SOC. However, here we propose that a real-
time ab initio study including the electron, lattice, and spin
degrees of freedom is essential for a complementary physical
picture at the atomic scale.

In this work, the time-dependent ab initio NAMD simu-
lations are performed with spin-diabatic and spin-adiabatic
representations, respectively. In the spin-diabatic picture, af-
ter photoexcitation, on one hand, the EPC provides a direct
energy relaxation channel among the same-spin electronic
states, through which the energy will be transferred from
the photoexcited electrons to the lattice without changing the
spin. On the other hand, SOC provides a spin-flip channel
between the opposite-spin electronic states. Via this channel,
in addition to the energy relaxation, there will also be the
angular momentum transfer from the spin to the orbital medi-
ated by SOC. Such two different relaxation channels compete
with each other. We find that in bulk Ni, because the EPC is
larger than SOC, photoexcited spin minority electrons prefer
to relax through the EPC channel to the same-spin states,
rather than flip their spins through the SOC. However, for the
photoexcited spin majority electrons, there are no unoccupied
same-spin states above the Fermi level (E f ) as electron ac-
ceptor, and in that case the spin flip occurs with a timescale
around 100 fs. Such different dynamical behaviors result in
the decrease of spin majority electrons and the increase of
spin minority electrons, which lead to initiatory magnetic loss
and will induce magnon to drive further demagnetization. The
spin-adiabatic representation gives similar demagnetization
timescale. In this representation the spin-up and spin-down
orbitals are mixed due to SOC, forming spinor basis sets, and
the spin relaxation process can be understood as an Elliott-
Yafet-like process. Our study provides a clear picture that
SOC can induce demagnetization of Ni at the atomic scale.
In addition, it reveals that the spin majority and spin minority
electrons have different lifetime as their relaxations are driven
by SOC and EPC, respectively. It will lead to different mean
free path [27], which is the dominant reason of superdiffusive
spin transfer [9,25]. This work also paves a way for the appli-
cation of time-dependent ab initio NAMD simulation for the
photoexcited spin dynamics, which is important for the un-
derstanding and design of photocontrolled ultrafast spintronic
devices.

II. METHOD

In this paper, the spin dynamics is simulated using home-
made code Hefei-NAMD. This program is based on the
framework of fewest-switches surface hopping (FSSH) [28]
combined with time-dependent density function theory
(TDDFT) [1,29,30], which has been used in numerous studies

of condensed materials [2,31–41]. The nuclear degrees of
freedom are treated classically and are unaffected by the dy-
namics of the electronic degrees of freedom, which is known
as classical-path approximation (CPA) [1]. The electronic
Hamiltonian depends parametrically on the classical nuclear
variables, which evolves along an ab initio molecular dynam-
ics (AIMD) trajectory. Then the time-dependent Schrödinger
equation (TDSE) of electronic state including SOC can be
written as:

ih̄
∂

∂t
|�(r, R, σ )〉 = Ĥ(r, R, σ )|�(r, R, σ )〉, (1)

where σ is the index for spin and the total Hamiltonian is
given by a spin-free and an SOC term

Ĥtot(r, R, σ ) = Ĥ0(r, R(t )) + Ĥsoc(r, R(t )). (2)

The wave function can be expanded using Kohn-Sham (KS)
orbitals {|ψi(r; R(t ))〉} as basis sets,

|�(r, R, σ )〉 =
∑

i

|ψi〉〈ψi|�(r, R, σ )〉 =
∑

i

ci|ψi〉. (3)

Substituting Eq. (3) into Eq. (1), we can get the equation for
the expanding coefficients

ih̄
∂ci(t )

∂t
=

∑
j

[
〈ψi|Ĥtot|ψ j〉 − ih̄〈ψi| d

dt
|ψ j〉

]
c j (t )

=
∑

j

[
〈ψi|Ĥ0|ψ j〉 + 〈ψi|Ĥsoc|ψ j〉 − ih̄〈ψi| d

dt
|ψ j〉

]
c j (t )

=
∑

j

[
H0

i j + H soc
i j − ih̄Ti j

]
c j (t ), (4)

where Ti j = 〈ψi| d
dt |ψ j〉 can be transformed to Ṙ · (ε j − εi )−1 ·

〈ψi|∇RĤ0|ψ j〉 and this term is contributed by EPC. For the
ab initio NAMD without SOC, this term is the nonadiabatic
coupling (NAC), which determines the hopping probability
between different KS orbitals. Here, besides the EPC contri-
bution, the contribution of SOC is also added into NAC. The
spin-orbit Hamiltonian is given by

Ĥsoc = h̄σ · p × ∇vKS (r)

4m2c2
, (5)

vKS (r) is the spin-independent part of the Kohn-Sham po-
tential. Due to the derivative of the Kohn-Sham potential in
Eq. (5), the spin-orbit coupling is dominated by the regions
close to the nuclei. In the PAW formalism, the all-electron
orbitals in these regions can be expanded as

ψi =
∑

k

〈p̃k|ψ̃i〉|φk〉, (6)

where | p̃k〉 and |φ̃k〉 are the projector function and all-electron
partial waves, respectively. The SOC matrix elements then
become

H soc
i j =

∑
kl

〈ψ̃i| p̃k〉〈φk|Ĥsoc|φl〉〈p̃l |ψ̃ j〉. (7)

In our simulations, the matrix elements in the right-hand side
of Eq. (7) are calculated by VASP.

In the NAMD simulation, two types of basis set are used
in Eq. (3). One is the spin-polarized KS orbitals, which are
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themselves eigenfunctions of Ĥ0 and shall be referred to as the
spin-diabatic representation. In this case, the matrix elements
not only include the EPC term (Ti j) but also the SOC term
(H soc

i j ). While the nonradiative relaxation between the states
with same spin is determined by Ti j , the spin-flip probability
is decided by SOC. These two different contributions can be
distinguished clearly. On the other hand, we can also diagonal-
ize the Hamiltonian in Eq. (4) to get the spinor basis sets for
the time propagation, which is referred to as the spin-adiabatic
representation. The two-component spinor wave function can
be written as:

|ψi〉 =
(|ψ↑

i 〉
|ψ↓

i 〉
)

. (8)

In this case, the NAC between different spinor states can be
expressed as

Ti j = 〈ψi| d

dt
|ψ j〉 = (〈

ψ
↑
i

∣∣, 〈
ψ

↓
i

∣∣) d

dt

(|ψ↑
i 〉

|ψ↓
i 〉

)
. (9)

In the spin-adiabatic representation, both the EPC and
SOC effects are mixed together in the NAC elements. The
spin-diabatic and spin-adiabatic representations have been in-
troduced and discussed in Ref. [42].

The AIMD trajectory and spin-polarized KS basis sets
are calculated by Vienna ab initio simulation package
(VASP) [43,44]. The electron-nuclei interaction is described
by the projector augmented wave (PAW) method [45]. For
the exchange-correlation functional we use the generalized
gradient approximation of Perdew-Burke-Ernzerhof (GGA-
PBE) [46]. Structures are fully relaxed until residual forces
on constituent atoms become smaller than 0.01 eV Å−1, and
total electronic energies are converged to 10−5 eV. An energy
cutoff of 450 eV and a Monkhorst-Pack k-point sampling grid
of 15 × 15 × 15 for unit cell and 3 × 3 × 3 for supercell are
sufficient for convergence.

The electronic structure is calculated using the optimized
unit cell at 0 K. For the molecular dynamics simulations, in
order to sample enough states of different k points, we use
a 2 × 2 × 2 conventional face-centered cubic (fcc) supercell,
which involves 32 Ni atoms. After the geometry optimiza-
tion, we use velocity rescaling to bring the temperature of
the system to 300 K. A 5 ps ab initio molecular dynamics
trajectory is then generated with a time step of 1 fs. The
NAMD results are obtained by averaging over 100 different
initial configurations chosen randomly from the first 3 ps of
the molecular dynamics trajectory. For each chosen structure,
we sample 20000 NAMD trajectories with 1 ps in length for
each one.

III. RESULTS AND DISCUSSION

Before we discuss the ab initio NAMD results, it is in-
structive to study the electronic structure of Ni. Its ground
state is ferromagnetic, where the magnetic moment originates
from the band split of 3d orbitals. Figure 1 shows the band
structure and density of states (DOS) of Ni. In the energy
range from −5 to 0.5 eV, the bands are mainly contributed
by d orbitals and the split of d bands is about 0.8 eV. Due

(a) (b)

FIG. 1. Band structure (a), sp- and d-projected density of state
(b) for Ni. The Fermi level is chosen as energy zero.

to the split of d bands, spin-up states are totally occupied
while some spin-down states are unoccupied. Thus, we can
define the spin-up and spin-down electrons as spin majority
and minority, respectively. Comparing to s and p (sp) orbitals,
the d orbitals are more localized in real space, which leads to
weaker dispersion in reciprocal space. Therefore, as shown
in Fig. 1(b), the DOS of d bands is higher than sp bands.
The DOS of the 2 × 2 × 2 orthogonal supercell reproduce the
major characters of the electronic structure (see Supplemental
Material [47]). These features of Ni electronic structure play
important roles in the spin dynamics that will be discussed
below.

We then study the dynamics of photoexcited electrons with
different spins. Figures 2(a) and 2(d) show the time evolution
of KS eigenstates at the � point in the reciprocal space of
Ni supercell, in which the spin-up and spin-down states are
shown by red and blue lines, respectively. The initial and final
states of the electron relaxation are marked by arrows. The
initial states are the sp orbital at 1.0 and 1.5 eV for spin-up
and spin-down electrons, respectively. The final states are the
spin-down d orbital close to the E f . Figures 2(b), 2(c), 2(e),
and 2(f) show the time-dependent energy and spin relaxation
of the photoexcited electron by diabatic and adiabatic repre-
sentations. Figures 2(b) and 2(c) describe the dynamics of a
spin-up electron, which is initially excited at 1.0 eV above
the E f . It is found this spin-up electron decays to spin-down
unoccupied states around E f with a time scale of 567 fs
[Fig. 2(b)], which is fitted by using a gaussian function. Such
relaxation process accompanies with spin flip from majority to
minority [Fig. 2(c)], which will reduce the magnetic moments
of Ni. By contrast, the photoexcited spin-down electron shows
different dynamical behavior, as shown in Figs. 2(e) and 2(f),
when the spin-down electron is excited at 1.5 eV above E f .
It will relax to the spin-down unoccupied states at E f with
a timescale of 242 fs [Fig. 2(e)]. During this process, no
spin flip occurs [Fig. 2(f)]. The spin-down electron will di-
rectly transfer its energy to the lattice through EPC and tends
to conserve its spin. It can be noted that spin-diabatic and
spin-adiabatic representations provide very similar dynamical
behavior.
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FIG. 2. Spin dynamics of spin majority (a)–(c) and spin minority (d)–(f) in NAMD simulations. (a), (d) Energy evolution of the electron
states at the � point in the reciprocal space of Ni supercell. (b), (e) Energy relaxation of excited electron, where the color map shows the orbital
localization. (c), (f) Spin relaxation of excited electron. In panels (b), (c), (e), and (f), solid and dashed lines are results from spin-adiabatic and
spin-diabatic representations, respectively.

In the spin-diabatic representation, we can directly com-
pare the EPC between the same-spin states with the SOC,
as shown in Fig. 3. It is noted that EPC elements between
same-spin states are larger than SOC between opposite-spin
states by an order of magnitude. It explains why the spin-
down electron prefers to relax to the lower spin-down states
via EPC, rather than to the spin-up states through SOC. For
the spin-up electron, however, because there are no spin-up
unoccupied states above E f , spin flip through SOC is the only
relaxation channel. SOC also exists for the same-spin elec-
tronic states. It can be seen that the SOC depends on the orbital
composition. Comparing the d-d , d-sp, and sp-sp SOC, one
can find that d-d SOC is the largest while sp-sp SOC is the
smallest. When the spin-down electron is excited to sp band
above E f , because SOC of d-sp is larger than that of sp-sp,
SOC also stimulates the relaxation of spin-down electron to
the spin-down d bands close to the Fermi level, rather than
to the spin-up sp bands. We note that the DFT calculations
may overestimate the exchange splitting [48]. However, we
propose such overestimation will not affect the existence
of two different electron relaxation channels, although the
magnitudes of EPC and SOC may be affected slightly. High-
level calculations are necessary to revisit this problem in the
future.

Under the spin-adiabatic representation, the spinor basis is
a mixture of spin-up and spin-down states. SOC determines
the magnitude of spin-mixing and the spin relaxation pro-
cess can be understood as an Elliott-Yafet-like spinor-phonon
scattering process [13,16], in which the spin relaxation is ac-
companied by a phonon emission. The results shown in Fig. 2
are based on single electron excitation. To further confirm
the SOC induced demagnetization picture, we investigate the
multielectron dynamics using spin-adiabatic representation.
To sample major character of the electronic structure, the
multielectron NAMD simulations are performed at different
irreducible k points in the 3 × 3 × 3 k grid and subsequently
summed the results with corresponding k-point weights (see

Supplemental Material [47]). In multielectron simulations, the
same number of spin-up and spin-down electrons are excited
initially to the states at 0.5–1.5 eV above the E f . Figure 4(a)
shows the snapshots of DOS contributed by excited electrons
of two spin components at different times with 2.9% electrons
excited. It can be seen some of the spin-up electrons flip their
spins during the relaxation. Therefore, as shown in Fig. 4(b),
the relative magnetic moment Mt/M0 decreases from 1.0 to
0.89 within the first 50 fs, then reaches 0.81 at 100 fs and
further converges to 0.73 at 300 fs, where M0 and Mt are
the initial and time-dependent magnetic moments at time t ,
respectively. We have further investigated the influence of
photo excitation rate on the demagnetization magnitude. As
shown in Fig. 4(b), the results with 2.2%, 1.6%, and 0.9%
photoexcitation rates suggest the demagnetization magnitude
decreases along with the decreasing of excitation rate. The
time scales of demagnetization obtained by fitting with an
exponential decay functions are 142, 122, 95, and 75 fs for
electron excitation rates of 0.9%, 1.6%, 2.2%, and 2.9%,
respectively, suggesting a faster demagnetization with higher
photoexcitation rate. In multielectron simulations, some spin-
up electrons are initially photoexcited to the d orbitals which
are lower than the sp orbitals. Therefore, some spin-flip events
occur between d orbitals, which have stronger SOC, leading
to a faster demagnetization comparing to the single-electron
excitation.

The results shown in Fig. 2 and Fig. 4 also suggest that
the spin majority electrons have longer lifetime than the spin
minority electrons. This is because the decay rate of spin
majority and spin minority electrons is determined by the
SOC and EPC, respectively, and EPC is one order of mag-
nitude larger than SOC. The longer lifetime of spin majority
electrons may lead to a larger mean free path in the superdif-
fusive spin transport and result in further demagnetization as
reported by Refs. [25,27].

In this work, we show that spin-diabatic and spin-adiabatic
representations give very similar timescales for spin flipping.
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FIG. 3. EPC (a) and SOC (b) between electronic states in order
of energy as shown in Figs. 2(a) and 2(d). “d↓” denotes spin-down
states at 0–0.5 eV, which are mainly contributed by d orbitals; “sp↑”
and “sp↓” denote spin-up and spin-down states around 1.0 and
1.5 eV, respectively, which are mainly contributed by sp orbitals.

We should point out that in the spin-diabatic representation,
the SOC is treated as a perturbation and it can provide reason-
able results only when SOC is small [42,49]. By contrast, the
spin-adiabatic approach is more applicable. Yet in the spin-
diabatic representation, the contribution by SOC and EPC can
be clearly distinguished, and it is useful to understand the
physical picture of spin dynamics. In this study we explicitly
consider the role of SOC and EPC in the spin relaxation in Ni
at the ab initio level. Yet, it can be seen that the demagneti-
zation magnitude predicted by the multielectron simulation is
weaker than the experimental value [7]. We recognize that the
effects of photoexcitation, electron-electron scattering, as well
as the magnon formation and dynamics are not included in the
simulation. These effects can further enhance the demagneti-
zation in Ni [17–19,22,26,50]. For example, Töws and Pastor
proposed that the interplay between the electron-electron in-
teraction and SOC induces the ultrafast demagnetization [26].
Additionally, the demagnetization is related to electron exci-
tation rate, and electron excitation rates are proportional to
laser fluence (see Supplemental Material [47]). A larger laser
fluence will induce more demagnetization, which has been
confirmed in many works [10,12,14,17,21].

FIG. 4. (a) Distribution of electrons at different snapshots by
performing multielectrons NAMD simulation. (b) Evolution of rel-
ative magnetic moments at different electron excitation rates. (c) The
schematic mechanism of SOC-induced demagnetization in Ni.

IV. CONCLUSION

To conclude, we have used SOC included ab initio NAMD
simulation to investigate the spin dynamics in Ni. The spin-
diabatic and spin-adiabatic representations have been used.
The physical picture provided by the spin-diabatic repre-
sentation is schematically shown in Fig. 4(c), in which the
EPC and SOC provide the direct energy relaxation channel
between the same-spin states and the spin splitting channel
between opposite-spin states, respectively. For the photoex-
cited spin-minority (spin-down) electron, since EPC is larger
than SOC, it prefers to relax to the same-spin states without
spin flip. Yet for the photoexcited spin-majority (spin-up)
electron, there are no same-spin unoccupied states above E f ,
therefore, the spin flip occurs, which can induce demagnetiza-
tion. The adiabatic presentation provides an Elliott-Yafet-like
spinor-phonon scattering picture. Both representations give
similar demagnetization timescale. The spin-majority electron
has a longer lifetime than the spin-minority electron, which
explains the superdiffusive spin transfer. The simulation of
multielectron relaxation shows such SOC induced demagne-
tization has a time scale around 100 fs, which is in agreement
with previous experimental results. Our study provides unique
insight into the mechanism of demagnetization in Ni and also
paves a way for the wide applications of SOC included ab
initio NAMD simulation in the spin dynamics research field.
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