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Understanding the photoexcitation induced spin dynamics in ferromagnetic metals is important for the design of
photo-controlled ultrafast spintronic device. In this work, by the ab initio nonadiabatic molecular dynamics simulation,
we have studied the spin dynamics induced by spin—orbit coupling (SOC) in Co and Fe using both spin-diabatic and
spin-adiabatic representations. In Co system, it is found that the Fermi surface (Ef) is predominantly contributed by the
spin-minority states. The SOC induced spin flip will occur for the photo-excited spin-majority electrons as they relax to the
Er, and the spin-minority electrons tend to relax to the Er with the same spin through the electron—phonon coupling (EPC).
The reduction of spin-majority electrons and the increase of spin-minority electrons lead to demagnetization of Co within
100 fs. By contrast, in Fe system, the Ef is dominated by the spin-majority states. In this case, the SOC induced spin flip
occurs for the photo-excited spin-minority electrons, which leads to a magnetization enhancement. If we move the Er of Fe
to higher energy by 0.6 eV, the Er will be contributed by the spin-minority states and the demagnetization will be observed
again. This work provides a new perspective for understanding the SOC induced spin dynamics mechanism in magnetic

metal systems.
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1. Introduction

The manipulation of material magnetism on the fem-
tosecond timescale holds great significance in the field of
spintronics.!!'=3 This is primarily due to the crucial role played
by the magnetic medium’s information storage speed in de-
termining the operational velocity of spintronic devices.!*"!
The development of femtosecond laser technology and other
related advancements have established optical excitation
as a commonly employed approach to studying magnetic
materials.[08] As early as 1996, researchers discovered the
phenomenon of optically induced demagnetization in ferro-
magnetic metals. One notable example is the work conducted
by Beaurepaire et al., who investigated the ultrafast spin dy-
namics of Ni. They observed a rapid decrease in the magne-
tization intensity of a 20 nm-thick Ni film within a picosec-
ond under the influence of a 60 fs laser pulse.!®! The demag-
netization of Ni has been subsequently confirmed by many

(9-13] Similar demagnetization phenomena have

experiments.
also been observed in Co and Fe materials.!”-8! Under the ex-
citation of a 50 fs laser pulse, a 10 nm-thick Co film reaches its
maximum demagnetization ratio at around 400 fs.!”! Similarly,
a 7 nm-thick Fe film exhibits varying degrees of demagnetiza-

tion when subjected to a 60 fs laser pulse by altering the laser
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To comprehend the principles of photoexcitation induced
demagnetization in ferromagnetic metals and further predict
and design relevant optional materials, people have employed
various theoretical methods to investigate the mechanisms and
dynamics of photoexcitation induced demagnetization. %9231
Beaurepaire ef al. proposed a three-temperature model!®' to
account for the interactions among the electronic, spin, and
lattice systems when studying ultrafast demagnetization. Sub-
sequently, Koopmas et al. introduced a microscopic model
based on Elliott—Yafet-type spin—phonon scattering, where the
spin-flip probability is determined by the spin-mixing states
induced by spin—orbit coupling.!'”) Oppeneer et al. sim-
ulated Elliott—Yafet-type spin—phonon scattering using first-
principles calculations of the full electron—phonon matrix ele-
ments and phonon dispersions.!!#! Theoretical investigations
have also explored the effects of photoexcitation, electron—
electron scattering, high temperatures as well as the magnon
formation and dynamics in photoexcitation induced ultrafast
demagnetization.[15-17:20.24.25]

Among these different mechanisms, spin—orbit coupling
(SOCQ) is believed to be an important factor in the ultrafast de-
magnetization. In previous studies, the influence of SOC on
charge transfer or the relaxation of hot carriers has been inves-
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tigated using first-principles nonadiabatic molecular dynamics
(NAMD) simulations. [*%27] Recently, Zheng et al. have devel-
oped an SOC-included ab initio NAMD approach and applied

(28] The spin-

it to study the ultrafast demagnetization in Ni.
diabatic representation using spin-polarized Kohn—Sham (KS)
basis sets and spin-adiabatic representation using spinor ba-
sis sets are applied. The simulations investigate the relaxation
process of electrons from spin-majority or spin-minority ini-
tial states to the final states close to Fermi level (Eg) which
are nearly all spin-minority states. The spin-diabatic rep-
resentation suggests a picture that due to the magnitude of
electron—phonon coupling (EPC) being one order of magni-
tude larger than SOC, the excited spin-minority electrons relax
to the same spin final states predominantly through EPC. On
the other hand, the excited spin-majority electrons, because of
lacking the same-spin final states, can only undergo spin-flip
relaxation through SOC to reach the spin-minority final states.
The reduction in spin-majority electrons and the increase in
spin-minority electrons lead to a decrease in the system’s mag-
netic moment. The spin-adiabatic representation provides an
Elliott—Yafet spin—phonon scattering picture.!!'!4 To reach a
comprehensive understanding of how the SOC plays a role
in the ultrafast demagnetization in ferromagnetic materials, it
will be interesting to further study the SOC induced spin dy-
namics in Co and Fe.

In this work, we employ the ab initio NAMD method
including SOC to investigate the SOC-induced spin dynam-
ics in Co and Fe materials using both spin-diabatic and spin-
adiabatic representations. Similar to Ni, in both Co and Fe,
EPC is one order of magnitude larger than SOC. Therefore, the
excited electrons prefer to relax to the same-spin unoccupied
states. The SOC induced spin flip will occur only when there
are no same-spin unoccupied states available. Then, it is re-
vealed that the SOC induced spin dynamics in Co is very sim-
ilar to that in Ni, because the final states near the Er are domi-
nated by the spin-minority states, it is revealed that the excited
spin-minority electrons relax to the same-spin states and the
spin-flip occurs in the excited spin-majority electrons, leading
to the reduction in spin-majority electrons and the increase in
spin-minority electrons and resulting in the ultrafast demagne-
tization. Our results indicate a demagnetization timescale of
approximately 100 fs, with a maximum demagnetization ra-
tio of 20% under conditions of exciting 4% of the electrons.
However, for bcc Fe, the spin-majority states are dominated
close to the Er. In this case, we observe an increase in the
total magnetic moments induced by SOC instead of demagne-
tization. Only if we shift the Er to higher energy by 0.6 eV,
it is dominated by the spin-minority states and the SOC in-
duced demagnetization processes can be observed. This work
offers a new aspect for comprehending the SOC induced spin
dynamics mechanism in magnetic metal systems.

2. Method

The Hefei-NAMD program is used to study the SOC in-
duced spin dynamics. The program is based on a framework
that combines the fewest-switches surface hopping (FSSH)[?°!
and time-dependent density functional theory (TDDFT).[30-32]
Spin-diabatic and spin-adiabatic representations are imple-
mented in Hefei-NAMD.[?333] In the spin-diabatic represen-
tation, the spin-polarized KS orbitals are used and SOC is
treated as perturbation to determine the probability of spin flip.
In this representation, the non-radiative relaxation between
different spins is determined by EPC, while the probability of
spin flipping is governed by SOC. In the spin-adiabatic rep-
resentation, the basis sets are two-component spinor. In this
case, the spin evolves with lattice relaxation, and the EPC and
SOC are mixed together in the nonadiabatic (NAC) matrix ele-
ments, which determine the probability of spin flip and energy
relaxation.

In the spin-diabatic representation, the SOC Hamilto-
nian is built up using the wavefunciton calculated by Vienna
ab initio simulation package (VASP).[3*33] Details can be
found in the supporting information. In the spin-adiabatic
representation, the spinor basis sets are also calculated us-
ing VASP. The DFT calculations use the projector aug-
mented wave (PAW) method to account for the electron—nuclei
interactions, *®! and the generalized gradient approximation of
Perdew—Burke-Ernzerhof (GGA-PBE) exchange—correlation
functional is used.*”] For the two systems, hcp Co and bcc
Fe, structural optimizations are performed on the unit cells at
0 K to obtain the electronic structure information. The resid-
ual forces on the system atoms are relaxed to below 0.01 eV/A,
and the total electronic energy convergence criterion is set to
107% eV. A Gaussian broadening with a width of 0.1 eV is
used for partial occupancy of each orbital. And the cutoff en-
ergy is 520 eV. The k-point grids are generated automatically,
centered at the I point. For the Fe unit cell, a 15x15x15 -
point grid is used, while for the Co unit cell, an 11x 11x11
k-point grid is used. Under the aforementioned conditions, the
calculations achieve convergence.

For ab initio NAMD simulation, the ab initio molecular
dynamics (AIMD) simulation is needed to get the nuclear tra-
jectory. To be able to sample the phonon excitation at different
g-points, we need to use supercell in the AIMD simulation, so
that the phonons at non-I" g points in the primitive cell can be
folded to the I" point in the supercell. In this regard, we use a
6 6x2 supercell for Co with a 2x 2 x4 k-point grid, resulting
in a total of 144 Co atoms. For Fe, we use a 4 x 4 x4 supercell
with a 3x3x3 k-point grid, leading to a total of 128 Fe atoms.
The 0 K structures are obtained by performing structural opti-
mizations on the supercells using the same accuracy criterion.
Then the velocity rescaling method is used to raise the system
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temperature to 300 K, ensuring that temperature fluctuations
are below 5% in the equilibrium state. Once the equilibrated
systems are obtained, a microcanonical ensemble with a time
step of 1 fs is utilized to generate a 5000-step (5 ps) AIMD
trajectory. Subsequently, the final 2000 steps (2 ps) of the
AIMD trajectory are selected for self-consistent field (SCF)
calculations to get the basis sets for NAMD calculation. The
results from NAMD are obtained by averaging over 100 ran-
domly chosen initial structures at different time points within
this 2 ps trajectory. For each randomly selected time point,
2x10* NAMD trajectories are simulated using it as the initial
structure, with each trajectory consisting of 1000 steps (1 ps).

3. Results and discussion
3.1. SOC induced spin dynamics in Co

Firstly, we investigated the SOC induced spin dynamics
in Co. Before discussing the ab initio NAMD results, it is nec-
essary to understand its electronic structure. Here we define
the spin-up and spin-down states as spin-majority and minor-
ity states, respectively. Figure 1 shows the band structure and
density of states (DOS) of Co using the primitive cell, where
the red color denotes the spin-up and the blue color denotes
spin-down. From Fig. 1(b), it can be observed that within the
energy range of —5 eV to 2 eV, the DOS of d orbital electrons
is much higher than that of sp orbital electron, correspond-
ing to the d bands with weak dispersion in Fig. 1(a). The en-
ergy splitting of the spin-up and spin-down orbitals induces
the magnetic moment of Co. From Fig. 1(b), it can also be
inferred that the states near the Ef are predominantly occu-
pied by spin-down electrons. These characteristic features of
the Co electronic structure will play an important role in spin

(a) 6

Energy (eV)
Wb

T MK I'A LH A DOS (arb. units)

Fig. 1. Band structure (a) and DOS (b) of Co calculated using primitive
cell. The projected DOS of sp and d orbitals are shown in (b). The Eg
is set to be the energy reference.

Next, we investigated the dynamics of photo-excited elec-
trons with different spins in hcp Co. First we excite one
spin-up electron to around 2.6 eV above the Ef, as schemat-
ically shown in Fig. 2(a). Figures 2(b) and 2(c) show the
time-dependent energy and spin relaxation of the excited elec-
tron using both the spin-diabatic and spin-adiabatic represen-
tations. One can see that the two different representations give
similar results, where the spin-up electron flips its spin and
relaxes to the spin-down electron close to the Eg. Such spin
flip process is fitted with a Gaussian function and yields a time
scale of 317 fs. Then we study the relaxation process of a spin-
down electron. As shown in Figs. 2(d)-2(f), when a spin-down
electron is excited to 1.5 eV above EF, it will relax to Eg with
a timescale of 39 fs without spin flip. One can see that the spin
flip occurs for the spin-majority (spin-up) electron while the
spin is preserved for the spin-minority (spin-down) electron.
Thus one can expect a demagnetization after photoexcitation

dynamics, which will be further discussed below. in Co.
4
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Fig. 2. Spin dynamics of spin-majority (a)—(c) and spin-minority (d)—(f) in NAMD simulations for Co. (a), (d) The electron relaxation process
schematically shown with DOS plotting. (b), (e) Energy relaxation of excited electron, where the color map shows the spin occupancy. (c),
(f) Spin relaxation of excited electron. In panels (b)—(c) and (e)—(f), solid and dashed lines are results from spin-adiabatic and spin-diabatic

representations, respectively.
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In the spin-diabatic representation, the electron relaxation
among the same-spin states is determined by the EPC elements
while the spin flip probability is controlled by the SOC. The
EPC and SOC elements can be clearly distinguished as shown
in Fig. 3. From Fig. 3(a) it can be seen that the EPC between
the nearest energy states is always the largest. Therefore the
spin-down electron always prefers to relax to the nearest lower
energy state. This is because the EPC term in NAMD simula-
tion can be written as

R-(g;—&)" - (wi|VrH |v;), (1)

which is inversely proportional to the energy difference be-
tween the two states. However, from Fig. 3(b) it can be seen
that the SOC elements do not follow the same trend. Instead, it
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. For the spin-up electron, the initial
state is the sp state and it relaxes to spin-down d state close to
the Ef, passing the spin-up d states around 0.4 eV above Ef.
Thus the determining factor for spin splitting is the sp—d and
d—d SOC elements. It can be seen that the SOC elements are
around one order of magnitude smaller than EPC ones. That is
the reason that the spin-down electron relaxes around 10 times
faster than the spin-up electron.

EPC SOC

(@) (b)

&

dl

w
=]
Coupling (meV)
IS
Coupling (meV)

10 Pl
df

0

ar sl

dl dr” spt

Fig. 3. EPC (a) and SOC (b) between electronic states involved in the
simulations for hep Co. “d?” and “d|” comprise spin-up d orbitals
around 0.4 eV and spin-down d orbitals below 1.5 eV corresponding
to Ep. “sp?” comprises the spin-up sp states around 2.5 eV above Ef.

The results in Fig. 2 are based on single-electron excita-
tion. To further understand the demagnetization phenomenon,
we also performed simulation of multi-electron excitation un-
der both representations. In the multi-electron simulations, an
equal number of electrons were excited to states above the Ep
in the range of 1.20-2.65 eV. Figure 4(a) shows snapshots of
DOS contributed by the two spin components at different time
with 4% electrons excited using the spin-diabatic representa-
tion. It can be observed that, initially, the numbers of elec-
trons in both spin states are equal, but as the relaxation pro-
cess progresses, the population of spin-up electrons gradually
decreases, and ultimately, only spin-down electrons remain in
the final states. Figure 4(b) shows the variation of the rela-
tive magnetic moment M; /My as a function of the percentage

of excited electrons (ranging from 1% to 4%) under both rep-
resentations, where My and M, represent the initial and time-
dependent magnetic moments at time #, respectively. The re-
sults indicate a rapid decrease in the relative magnetic mo-
ment within 100 fs, and the final demagnetization proportion
increases with a higher percentage of excited electrons. With
4% electron excitation, M; /M can reach around 80%. In the
multi-electron simulations, some of the spin-up electrons can
only be excited to spin-up d orbitals around 0.4 eV above Ef.
Compared to the higher-energy initial states in the sp orbitals,
they can relax more quickly to the spin-down d orbitals, lead-
ing to a faster demagnetization process compared to that in
single-electron simulations. The spin-diabatic representation
predicts a slightly higher demagnetization rate compared to
the spin-adiabatic representation. It is due to the mixing of
spin-up and spin-down components in the spinor basis sets.

150 fs

0fs 15 fs 30 fs
@ 30

N < |
oo > b
- | b

Distribution (arb. units)

Energy (eV)

—— Spin-adiabatic 1%
—— Spin-adiabatic 2%
—— Spin-adiabatic 3% _|
—— Spin-adiabatic 4%

Spin-diabatic 1%
-- Spin-diabatic 2%

--- Spin-diabatic 3%
----- Spin-diabatic 4%

M,/ M,
[=3
S

0 100 200 300 400 500
Time (fs)

Fig. 4. (a) Distribution of electrons at different times in multi-electrons
NAMD simulation for Co. (b) Evolution of relative magnetic moments
at different electron excitation rates, where solid and dashed lines are re-
sults from spin-adiabatic and spin-diabatic representations, respectively.

3.2. SOC induced spin dynamics in Fe

Next, we will discuss the SOC induced dynamics in Fe.
Figure 5 shows the band structure and DOS of Fe with bcc
structure. Similar to Co, the magnetization of Fe is also con-
tributed by the d bands ranging from —5 eV to 3 eV. Here
we also define the spin-up and spin-down electrons as spin-
majority and minority states, respectively. The energy split-
ting of spin-up and spin-down d bands in Fe is around 2.5 eV,
which is larger than that in Co. By comparing Fig. 5(b) with
Fig. 1(b), it can be found that the states near the Er of Fe
are primarily occupied by spin-up electrons, which is differ-
ent with Co and Ni. Such a difference will lead to distinct spin
dynamics behavior.

The dynamics of single excited electron in bcc Fe is
shown in Fig. 6. Here the final state for electron is set to be
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around the Ef, which is contributed by the spin-up d orbital.
As shown in Figs. 6(a)-6(c), if a spin-up electron is excited to
an sp orbital at 2.3 eV, it will relax to the Ef, driven by the
EPC. By contrast, if we excite one spin-down electron to a d
orbital at 1.5 eV, it will flip its spin and relax to the spin-up d
orbital close to the Er. This process is driven by the d—d SOC.
Since the d—d SOC is larger than the sp—d SOC, which is dom-
inated in Nil*®! and Co. Here we observe a relatively faster
spin flip in Fe. The time scale is fitted to be 110 fs, which is
comparable to the EPC driven electron relaxation between the
same spins. The EPC and SOC elements are plotted in Fig. 10.
Despite EPC still being larger than SOC, the large EPC in-
teractions are mainly distributed between adjacent electronic
states. As a result, the relaxation of electrons induced by EPC
occurs level by level, moving downwards. On the other hand,
SOC is more widely distributed, and an electronic state can
have strong SOC interactions with multiple other electronic
states. Consequently, the relaxation induced by SOC can pro-
ceed through multiple channels, leading to a similar time scale
for the relaxation processes induced by EPC and SOC.

In bee Fe system, we can observe that despite both spin-
diabatic and spin-adiabatic representations providing qualita-
tively consistent results, they still exhibit some differences.

Particularly, in Fig. 6(c), when the spin-up electron relaxes to
lower energy, the spin-adiabatic representation shows a partial
spin flip within 20 fs, followed by a recovery. It suggests that
in Fe the SOC is stronger, leading to larger mixing between
the spin-up and spin-down components compared to that in
Co and Ni. In this case, the spin-adiabatic representation pro-
vides more accurate results and the spin-diabatic representa-
tion is only appropriate for situations where the SOC is rela-
tively weak.

(@) °

Energy (eV)
b

r ®H N I P H DOS (arb. units)

Fig. 5. Band structure (a) and DOS (b) for Fe with bcc structure. The
Fermi level is set as energy reference.
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Fig. 6. Spin dynamics of spin-majority (spin-up) (a)—(c) and spin-minority (spin-down) (d)—(f) in NAMD simulations for Fe. (a), (d) The
relaxation process schematically shown with DOS plotting. (b), (e) Energy relaxation of excited electron, where the color map shows the spin
occupancy. (c), (f) Spin relaxation of excited electron. In panels (b)—(c) and (e)—(f), solid and dashed lines are results from spin-adiabatic and

spin-diabatic representations, respectively.

The main distinct character of Fe compared to Ni, Co lies
in the fact that its Ef is contributed by the spin-majority (spin-
up) electronic states. As a result, we observe that the spin-
majority electrons do not flip their spins, but instead, they
cause the spin-minority (spin-down) electrons to flip. This
phenomenon does not lead to demagnetization; on the con-
trary, it results in an increase in the magnetic moment. It is
confirmed through the multi-electron dynamics simulations.
In Fig. 7, we present the time dependent relative magnetic
moment after exciting 1%—4% of electrons (M;/Mp). 1t is

found that after approximately 150 fs, the magnetic moment
increases by about 15%.

It can be seen that within the theoretical framework of
only considering the influence of SOC on spin dynamics, the
increase or decrease of the magnetic moment is determined
by the spin polarization of the final states close to the Ep. If
the electronic states near Ef are predominantly spin-majority
states, a magnetization enhancement will occur; if they are
spin-minority states, a demagnetization will happen. Thus, we
can control the spin dynamics by changing the position of the
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Er. Here, if we move the Er of Fe upwards by 0.6 eV in en-
ergy, the Er will be dominated by spin-minority states. In this
case, in the single-electron simulation, it can be observed that
spin-majority electrons undergo flipping, while spin-minority

0 fs 30 fs 100 fs 300 fs
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~ 20
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s ) <
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83]

electrons maintain their spin direction (Fig. 8). In the multi-
electron simulation, after exciting 4% of the electrons, M; /M
reaches 0.85 at around 100 fs, leading to 15% demagnetization
(Fig. 9).
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Fig. 7. (a) Distribution of electrons at different times in multi-electrons NAMD simulation for Fe. (b) Evolution of relative magnetic moments
at different electron excitation rates, where solid and dashed lines are results from spin-adiabatic and spin-diabatic representations, respectively.
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Fig. 8. Spin dynamics of spin-majority (spin-up) (a)—(c) and spin-minority (spin-down) (d)—(f) in NAMD simulations for Fe with Er moving
upwards by 0.6 eV in energy. (a), (d) The relaxation process schematically shown with DOS plotting. (b), (¢) Energy relaxation of excited
electron, where the color map shows the spin occupancy. (c), (f) Spin relaxation of excited electron. In panels (b)—(c) and (e)—(f), solid and
dashed lines are results from spin-adiabatic and spin-diabatic representations, respectively.
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Fig. 9. (a) Distribution of electrons at different times in multi-electrons
NAMD simulation for Fe with Er moving upwards by 0.6 eV in energy.
(b) Evolution of relative magnetic moments at different electron excitation
rates, where solid and dashed lines are results from spin-adiabatic and spin-
diabatic representations, respectively.
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Fig. 10. EPC (a) and SOC (b) between electronic states involved in the
simulations for bec Fe. “d1™ and “d|” comprises spin-up d orbitals be-
low 0.6 eV and spin-down d orbitals below 1.6 eV corresponding to Ef.
“spT” comprises the spin-up sp states around 2.2 eV above EF.

4. Discussion

In this work, we investigate the SOC induced spin dy-
namics in Co and Fe. Together with the SOC induced demag-
netization process in Ni, which was studied by Zheng et al.,
we can achieve a comprehensive understanding of how SOC
and EPC affect the electron relaxation and spin flip. For all
the three systems, the EPC determines the electron relaxation

016301-6



Chin. Phys. B 33, 016301 (2024)

between the same-spin electronic states while the probability
of electron flipping between different spin orbitals depends
on the SOC. If we only consider the electron flip and relax-
ation, the spin polarization of the final states close the Ef de-
termines the tendency of spin flipping: whether it is up-to-
down or down-to-up flip. In Ni and Co, the Ef is dominated by
spin-down states, therefore the up-to-down spin flip process is
dominated and spin demagnetization happens. By contrast, in
Fe, the EF is dominated by spin-up states, thus the down-to-up
spin flip plays a leading role, and a magnetization enhance-
ment is observed. Spin flips in Fe occur faster compared to
Co and Ni because spin flips in Fe are induced by d—-d SOC,
whereas in Co and Ni, they are caused by sp—d SOC.

It is noticed that the magnetization enhancement in Fe
does not agree with the experimental observation. 8! There can
be different reasons for this disagreement. One possible reason
is that the Er may be lifted to higher energy after the photoex-
citation. As shown in our results, if the Ef is moved 0.6 eV
higher, the demagnetization will occur. Another possible rea-
son is that during the demagnetization process in Fe, not only
electrons are involved but also holes may play a role. It is no-
ticed that Long et al. used similar approach to study the spin
dynamics in Fe, where they have considered the photoexcited
holes and have achieved the demagnetization results. >3] How-
ever, it is not clear why they only included the hole states in
the energy range of [—1.0, 0.0] eV. In addition, they used the
M point electronic structure to do the simulation, which does
not reproduce the dominating spin-up d bands at the Er. We
propose a future research to estimate the distribution of hot
electrons and hot holes starting from the absorption spectrum.
Subsequently, the relaxation of electron—hole pairs can be per-
formed to gain a deeper understanding of the demagnetization
process in magnetic metals.

During the hot electron relaxation, the energy of the elec-
tron will transfer to the lattice. The temperature increase of
the system can be approximately calculated using the formula
AT = Y,E;/(n-cm), where E; represents the energy trans-
ferred from the excited electron to the lattice, n is the amount
of substance contained in the supercell, and ¢y, is the molar
heat capacity of the lattice. For the simulations in Figs. 2(a)—
2(c), the Co supercell contains 144 atoms. Initially, an electron
is excited to 2.6 eV, and after relaxation, all the energy is trans-
ferred to the lattice. Due to the small electronic heat capacity
at high temperature, Co’s heat capacity can be approximated
as the lattice heat capacity, which is 24.81 J/(mol-K). There-
fore, the temperature increase can be estimated to be 70 K.
Through similar calculations, it can be determined that when
the excitation electron proportions are 2%, 3%, and 4%, the
corresponding temperature increases are 1203 K, 1787 K, and
2494 K, respectively. One should note that such a simple cal-
culation overestimates the temperature since it supposes the

energy transfer from the hot electron is limited in the supercell.
In reality, the thermal diffusion to the whole crystal occurs.

It should be recognized 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 also influence the spin dynamics in magnetic metals.

5. Summary

In summary, we employed SOC included ab initio
NAMD simulation to investigate the excited electron induced
spin dynamics in Co and Fe using both spin-diabatic and spin-
adiabatic representations. The EPC and SOC determine the
electron relaxation among the same-spin states and the spin-
flip between spin-up and spin-down states, respectively. The
excited electrons are expected to relax to the final states close
to the Eg. In Co system, the Ef is dominated by the spin-down
electronic states. Thus the spin-up electrons flip their spin dur-
ing the relaxation due to SOC while the spin-down electrons
preserve their spin polarization during the relaxation led by
EPC. Such different relaxation behavior induces demagnetiza-
tion occurring in 100 fs. The SOC induced spin dynamics in
Co is highly similar to Ni. By contrast, in Fe system, Ef is
contributed by spin-up electronic states. Therefore the spin-up
electrons keep their spin while the down-to-up spin flip occurs
for spin-down electrons. In this case, the magnetization en-
hancement is achieved in Fe, which is not in agreement with
the experimental observation. We have discussed possible rea-
sons to induce such disagreement.
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