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1 Introduction

Light-driven electron dynamics in solids is a
central subject in ultrafast condensed-matter
physics. Intense and ultrashort optical fields
can drive electrons far from equilibrium and
modify the optical and magnetic properties
of materials on femtosecond and attosecond
time scales. Recent progress in attosecond
spectroscopy has made it possible to probe
such electronic motion directly in the time do-
main, including light-induced spin dynamics in
magnetic materials through attosecond circu-
lar dichroism [I]. These developments require
microscopic theories that connect the electron
dynamics induced by a pump pulse to the tran-
sient optical response measured by an attosec-
ond probe.
Attosecond
troscopy (ATAS) is a useful approach for

transient absorption spec-
investigating ultrafast electron dynamics in

solids because it measures pump-induced
changes in the absorption spectrum with
attosecond temporal resolution. In magnetic
transition metals, the absorption around the
My 3 edge is especially informative, since it
involves optical transitions from 3p semicore
states to unoccupied states with substantial
3d character. The spectral response in this
region is sensitive to the exchange splitting
of the semicore states and to the microscopic
screening associated with localized 3p-3d
Therefore, ATAS with

linearly polarized probe pulses can provide a

electronic response.

complementary route to magnetic dynamics,

although the measured transient spectrum is
not a direct magnetic observable.

The interpretation of ATAS spectra in solids
is generally difficult because the macroscopic
optical response reflects several microscopic
processes at the same time. Previous first-
principles studies of magnetic transition met-
als have shown that transient absorption spec-
tra around the M3 edge contain both mag-
netic and nonmagnetic electronic contribu-
tions [2, B]. A reduction of the local spin po-
larization and of the associated exchange split-
ting of the 3p semicore states can produce a
narrow absorption decrease near the edge. In
contrast, pump-induced charge redistribution
and the modification of microscopic screening
and local-field effects can generate a broader
absorption increase. Thus, even near a mag-
netic semicore edge, the transient absorption
spectrum must be interpreted as a combined
response of spin-dependent electronic struc-
While

this two-component picture has been examined

ture and charge-screening dynamics.

in finite-electron-temperature calculations for
magnetic materials and in explicit nonequilib-
rium pump—probe simulations for bulk Co, its
applicability to laser-driven ferromagnetic Ni
in a fully real-time nonequilibrium calculation
remains to be clarified.

First-principles real-time time-dependent
density functional theory (TDDFT) provides a
direct way to address this problem [5]. By solv-
ing the time-dependent Kohn—Sham equation
in the presence of pump and probe fields, one
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can simulate the pump—probe process and eval-
uate the transient optical response from the
induced current [4, B]. This approach is use-
ful for connecting microscopic electronic mo-
tion in a driven solid to experimentally rele-
vant optical quantities such as the transient
dielectric function and absorption coefficient.
In addition, comparison with finite-electron-
temperature calculations provides a reference
for quasi-equilibrium hot-electron states and
helps distinguish thermalized electronic effects
from coherent nonequilibrium dynamics during
and shortly after pump irradiation.

In this work, we study ATAS of bulk fer-
romagnetic Ni using first-principles real-time
TDDFT. Ni is a prototypical itinerant ferro-
magnet with a relatively small magnetic mo-
ment and a clear Ms 3 absorption edge orig-
It there-

fore provides a useful test case for examin-

inating from 3p semicore states.

ing how the magnetic sensitivity of the M3
edge appears in a nonequilibrium optical re-
sponse. We first analyze the equilibrium elec-
tronic structure and optical response of Ni,
then introduce finite-electron-temperature cal-
culations as quasi-equilibrium references, and
finally perform explicit pump—probe simula-
tions around the Ni My 3 edge. The aim of
the present study is to clarify how the ultra-
fast electron dynamics of laser-driven ferro-
magnetic Ni are reflected in the transient ab-
sorption spectrum, and to examine to what ex-
tent the two-component interpretation estab-
lished in earlier studies of magnetic transition
metals applies to Ni in a real-time nonequilib-
rium calculation.

2 Methods

2.1 First-principles electron dynam-
ics calculations

We investigate the transient optical response of
bulk ferromagnetic Ni using real-time TDDFT
for periodic solids. The first-principles electron
dynamics method is summarized here; further

details are given elsewhere [3, [6]. Unless oth-
erwise stated, atomic units are used. The ions
are fixed at their equilibrium positions, which
is appropriate for the electronic time scale con-
sidered in this work.

In the collinear spin-polarized formulation,
the electron dynamics is described by the time-
dependent Kohn—Sham equation for the peri-
odic part of the Bloch orbital,

0 -
Zaubsk(ra t) = hop(t)upsk(r, 1),

(1)

where b is the band index, s =7,/ is the spin
The
time-dependent Kohn—Sham Hamiltonian is

index, and k is the Bloch wave vector.

hat) = 5ok A

+ @ion + Uch,s[pT(r

1), py (7, )] {2)

the ionic pseudopotential

and VHxcs is the spin-dependent Hartree-

where Ojon 1S

exchange—correlation potential. Here, py(r,1)
and py(r,t) are the electron densities for
The Hartree—
exchange—correlation potential is evaluated

the respective spin channels.
within the adiabatic approximation, and
exchange—correlation contributions to the vec-
The applied
electromagnetic field is treated in the long-

tor potential are neglected.

wavelength approximation by a spatially uni-
form vector potential A(t), and the corre-
—dA(t)/dt.
Because the present study focuses on the Ni

sponding electric field is E(t) =

M> 3 edge, the Ni 3p semicore states are ex-
plicitly included in the valence space of the
pseudopotential calculation.

The
the self-consistent spin-polarized Kohn—Sham

initial orbitals are obtained from

equation for ferromagnetic Ni. The occupation

factors are given by the Fermi—Dirac distri-

bution, fysk = [exp [(ebsk — 1)/ (kpTe)] + 1],

where €pgx, is the Kohn—Sham eigenvalue, p is
the chemical potential, and T, is the electron
temperature. For the equilibrium and explicit
pump-probe calculations, T, = 300 K is used
unless otherwise stated. The chemical poten-
tial is determined from charge neutrality, and
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the occupation factors are kept fixed during
the real-time propagation.

Spin—orbit coupling is not included. The
spin quantization axis is therefore chosen as
the z axis, and the time propagation remains
diagonal in the spin index. Consequently, the
number of electrons in each spin channel is con-
served in the explicit pump—probe dynamics.
The magnetic changes discussed below should
therefore be understood as changes in the local
spin polarization and in the associated spin-
dependent electronic structure, rather than as
spin-flip demagnetization. The notation Ma 3
denotes the Ni 3p semicore absorption region,
without resolving the spin—orbit splitting be-
tween the My and M3 edges.

The macroscopic current density is evalu-
ated as

1 1
Jt) = — — dk fps
Q Qeen g Opz /Bz Jost

></ dr up g, (7, 1) 0sp () upsk (7, 1), (3)
cell

where .. and gz are the volumes of the
unit cell and Brillouin zone, respectively. The
velocity operator is Vg (t) = [r, hsk(t)] /i.

2.2 Computational details

All calculations are performed with the Oc-
TOPUS code in a real-space, real-time frame-
work [7]. Bulk Ni is modeled by the fcc crys-
tal structure with lattice constant a = 3.52 A.
The fcc unit cell is discretized into 28> real-
space grid points, and the Brillouin zone is
sampled with 243 k-points. Norm-conserving
pseudopotentials are employed, and the Ni 3s,
3p, 3d, and 4s electrons are treated explicitly
as valence electrons. The exchange—correlation
functional is the adiabatic local spin-density
approximation [§].

3 Results

3.1 Electronic structure and equilib-
rium optical response

We first examine the equilibrium electronic
structure and optical response of bulk Ni,
which serve as references for the transient spec-
tra discussed below. Figure [1| shows the spin-
resolved band structure in a wide energy win-
The
bands near the Fermi level show the metallic

dow, with the Fermi level set to zero.

character expected for elemental Ni. In addi-
tion, nearly dispersionless semicore bands ap-
pear around 60 eV below the Fermi level and
Both the

valence and semicore states are spin split in

are assigned to the Ni 3p states.

the ferromagnetic ground state. The exchange
splitting of the Ni 3p semicore bands is about
1 eV, which provides an important microscopic
energy scale for the M 3-edge response.
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Figure 1: Spin-resolved band structure of fer-
romagnetic bulk Ni in a wide energy window.
The Fermi level is set to 0 eV. Majority- and
minority-spin bands are shown separately.

The M> 3-edge absorption considered here
mainly originates from optical transitions from
the 3p semicore states to unoccupied states
with substantial 3d character near the Fermi
level. The spectrum is therefore sensitive not
only to the spin-dependent positions of the
semicore levels but also to the microscopic
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screening associated with the localized 3p—3d
electronic response. This point is important
for interpreting the transient spectra, because
the edge region contains magnetic information
through the exchange splitting of the semicore
states and nonmagnetic electronic information
through charge redistribution and local-field
effects.

The equilibrium optical response is obtained
from a real-time linear-response calculation. A
weak impulsive distortion is applied along a
Cartesian direction 8 through

AL () = —koeO(t),

imp

(4)

where ko is sufficiently small to remain in
the linear-response regime, eg is a unit vector
along the 8 direction, and ©(t) is the Heavi-
side step function. From the induced current,
the optical conductivity tensor is evaluated as
o
Tl = [ I )
ko Jo

where v is a damping parameter introduced
to suppress finite-time artifacts. We use v =
0.5 eV in the Fourier analysis. The dielectric

tensor and absorption coefficient are then ob-
tained as

47
€ap(wW) = dap + Tgaﬁ(w%

(6)

and

_2w

fo(w) = ?Im { saa(w)} .

(7)

The equilibrium absorption spectrum in the Ni
My 3-edge region is used as the reference for the
transient absorption spectra.

Figure 2| (a) shows the current induced by
the weak impulsive distortion at ¢ = 0. The
current is generated immediately after the per-
turbation and subsequently exhibits dephasing
among electronic transitions. In the Fourier
analysis, the exponential damping factor fur-
The di-

electric function is obtained from this current

ther suppresses finite-time artifacts.

according to the procedure described above.
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Figure 2: Equilibrium linear response of bulk
Ni. (a) Current induced by a weak impulsive
perturbation. (b) Imaginary part of the dielec-
tric function around the Ni Ms 3 edge.

Figure|2| (b) shows the imaginary part of the
dielectric function around the Ni M3 edge.
The calculated spectrum exhibits a sharp in-
crease in the absorption-related response near
the edge. Because the spectral weight changes
rapidly in this energy region, a small pump-
induced modification of the edge position or
line shape can produce a localized structure in
the differential spectrum. The spin splitting
of the Ni 3p states is therefore expected to af-
fect the transient signal through the edge po-
sition. In particular, a reduction of the local
exchange splitting can shift the edge-related
spectral weight and lead to a narrow absorp-
tion decrease in the differential response, as
discussed below.
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3.2 Finite-electron-temperature ref-
erence for the Ni M, 3 edge

Before analyzing the explicit pump—probe re-
sponse, we introduce a finite-T, linear-response
calculation as a quasi-equilibrium reference for
a hot-electron state of Ni [9]. This refer-
ence is useful for separating spectral changes
that can be attributed to electronic redistri-
bution and the self-consistent modification of
the electronic structure from those specific to
the coherent nonequilibrium dynamics gener-
ated by the pump pulse. For a given elec-
tron temperature T,, the occupation factors
are replaced by the corresponding Fermi—Dirac
distribution, and the static Kohn—Sham po-
tential is recomputed self-consistently under
The opti-
cal response is then evaluated by the same

the charge-neutrality condition.

impulsive-distortion procedure as in the equi-
librium calculation. Thus, the finite-T; calcu-
lation does not simulate the pump—probe dy-
namics itself, but provides the optical response
of a quasi-equilibrium electronic state with a
cold lattice.

The finite-T, changes in the dielectric func-
tion and absorption coeflicient are defined rel-
ative to the 300 K ferromagnetic state as

Acpa(w; Te) = can(w; Te) — €aa(w; 300 K), (8)
and

Apg(w;Te) = pa(w; Te) — pa(w; 300 K).  (9)

The finite-T, response includes the effect of
state filling through the Fermi-Dirac occu-
pations, the self-consistent change in the
spin-dependent Kohn—Sham potential, and
the modification of microscopic screening and
local-field effects through the time-dependent
Hartree—exchange—correlation potential.
Figure [3| shows the change in Im[e(w)] for
several electron temperatures, measured rela-
The

labels in the figure denote the electron temper-

tive to the 300 K ferromagnetic state.

ature in energy units. The calculated response
is not a uniform increase or decrease of the

equilibrium spectrum. Instead, positive and
negative components appear in the photon-
energy region of the Ni M3 edge, showing
that the finite-T, modification changes both
the spectral weight and the line shape near the

edge.
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Figure 3: Change in the imaginary part of
the dielectric function of Ni obtained from
finite-electron-temperature reference calcula-
tions. The change is measured relative to the
300 K ferromagnetic state.

The spectral features in Fig. [3| can be under-
stood as the combination of two main contri-
butions [2].
related change associated with the reduction

One is a relatively narrow edge-

of the local spin polarization and the corre-
sponding exchange splitting of the Ni 3p semi-
core states. The other extends over a broader
photon-energy range and is associated with
changes in charge redistribution, state filling,
and microscopic screening. The localized char-
acter and large spatial overlap of the 3p and 3d
states make the response particularly sensitive
to local-field effects, as already indicated by
the equilibrium optical response.

The

therefore provides a useful quasi-equilibrium

finite-electron-temperature analysis
reference for the electronic state after thermal-
ization. However, it cannot describe coherent
subcycle modulations during pump—probe
overlap, nor does it represent the nonthermal

occupation pattern produced immediately
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by the pump pulse. To analyze the optical
response in the nonequilibrium phase more di-
rectly, we next perform real-time pump—probe

TDDFT simulations.

3.3 Attosecond transient absorption

We next evaluate the transient optical re-
sponse by explicit pump—probe TDDFT simu-
lations [4].
lated in the presence of the pump and probe

The electron dynamics are calcu-

vector potentials,

A(t§ T) = Apump(t) + Aprobe(t - T): (10)

where 7 is the delay between the centers of
the pump and probe pulses. The pump pulse
drives the electronic system of Ni out of equi-
librium, whereas the probe pulse is kept suf-
ficiently weak so that the probe-induced re-
sponse can be treated as linear on top of the
pump-driven state.

In the present study, the pump pulse is given
by

E um
Apump (t) = -t

Wpump

2 Tt :
cos <m> sin(wpumpt)

pump X

(11)

for |t| < @, and is zero otherwise. The
probe pulse is given by

E robe
Aprobe(t — 7) = —22e

X
Wprobe probe

cos? [#} sin [wWprobe(t — 7)) (12)

probe

for |t —71| < L‘"Q"be,

The pump parameters are hwpump = 1.55 eV,
Toump = 20 fs, Epump = 2.7 MV/cm. The
pump and probe polarizations are taken to be

and is zero otherwise.

parallel. The probe duration is Tprope = 1 fs,
and the central photon energy is chosen so that
the probe spectrum covers the Ni Ms 3-edge
region. The probe field strength is sufficiently
small compared with the pump field.

For each delay 7, two real-time calcula-
tions are performed. The pump-only cal-
culation gives the current Jpump(t), whereas

the pump—probe calculation gives the current
J pump+probe(t; 7). The current induced by the
probe pulse in the pump-driven state is then
extracted as

AJprobe(t; T) = qump—i—probe(t; T) - qump(t)- (13)

This subtraction removes the nonlinear cur-
rent generated solely by the pump pulse and
isolates the response to the weak probe field.
The transient optical conductivity is obtained
by comparing the Fourier component of this
probe-induced current with that of the probe
electric field,

dt AJprobe, (t; 7)™
Uttxrﬂ (w7 T) =

— (14)
/dt Eprobe,ﬁ (t — T)GMtf’yt

The same damping parameter as in the equi-
librium linear-response calculation is used in
the Fourier analysis. The transient dielectric
tensor and absorption coefficient are then eval-

uated as
471
Efjg(% T) = (5,15 + jagﬂ(w, 7'), (15)
and
tr 2w tr
o (w, T) = 71m [ Ew(w,r)} . (16)

The theoretical ATAS signal is defined as the
differential absorption relative to the equilib-
rium response, Ay (w,7) = pl(w, 7) — fa(w).

Figure {4| (a) shows the calculated differen-
tial absorption Ap(w,7) around the Ni M 3
edge, and Fig. 4| (b) shows the pump elec-
tric field. During the temporal overlap of the
pump and probe pulses, the spectrum exhibits
rapidly varying structures. These structures
reflect the coherent electron dynamics driven
by the pump field and are therefore distinct
from the quasi-equilibrium response discussed
in the finite-T; calculation.

After the main part of the pump pulse has
passed, the spectrum becomes simpler and
more persistent. The post-pump response is
not described by a rigid shift or by a uniform
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Figure 4: Attosecond transient absorption
of bulk Ni from the real-time pump—probe
TDDFT simulation. (a) Differential absorp-
tion Ap(w,7) around the Ni My 3 edge. (b)

Pump electric field as a function of delay.

amplitude change of the equilibrium spectrum.
Instead, it contains positive spectral weight
over a relatively broad photon-energy range,
together with a narrower negative component
near the steep edge structure around the Ni
My 3 edge. This form already indicates that
the transient absorption contains more than
one microscopic contribution.

To compare the pump—probe result with the
finite-electron-temperature reference more di-
rectly, Fig. [5| shows the change in the imagi-
nary part of the dielectric function at the de-
lay of 10 fs. The spectrum contains positive
peaks in the lower part of the edge region
and negative components near and above the
edge. This line shape is qualitatively consis-
tent with the two-component structure found
in the finite-electron-temperature calculation
in Fig.[3] The detailed profile is different, how-
ever, because the explicit pump—probe calcula-
tion describes a coherent nonthermal electronic
state, not a self-consistent hot-electron distri-
bution.

The narrow negative component around the
edge can be interpreted as a consequence of a
pump-induced reduction of the local exchange

splitting of the Ni 3p semicore states. Be-
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Figure 5: Change in the imaginary part of the
dielectric function due to the pump field at the
delay of 10 fs. The change is evaluated relative
to the equilibrium response.

cause the M5 3-edge absorption involves tran-
sitions from the 3p semicore states to unoc-
cupied states with substantial 3d character,
a change in the 3p exchange splitting modi-
fies the effective edge position. This produces
an edge-localized decrease in the differential
spectrum, similar to the behavior discussed in
the finite-electron-temperature reference cal-
culation [2]. Since spin—orbit coupling is not
included here, the total number of electrons in
each spin channel is conserved during the prop-
agation. Therefore, this effect should not be
described as spin-flip demagnetization. Within
the present approximation, it reflects changes
in the local spin polarization and in the asso-
ciated spin-dependent electronic structure.
The broader positive contribution has a dif-
ferent origin. Following the interpretation es-
tablished for transition-metal M 3-edge tran-
sient absorption [2| 3], this component is nat-
urally associated with pump-induced changes
in microscopic screening and local-field effects.
It is linked to the redistribution of electronic
charge around the Ni atoms and is not spe-
cific to ferromagnetic order. Thus, the Ni
My 3-edge ATAS signal should not be inter-
preted as a direct measure of the magnetiza-

tion alone. Even near a magnetic semicore
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edge, the macroscopic optical response con-
tains both magnetic information and nonmag-
netic charge-screening dynamics.

4 Summary

We have investigated attosecond transient ab-
sorption spectroscopy of bulk ferromagnetic Ni
using first-principles real-time TDDFT. The
calculation explicitly treats the Ni 3p semicore
states and evaluates the transient optical re-
sponse around the M> 3 edge. The purpose of
the study was to clarify how the microscopic
electron dynamics induced by an ultrashort
pump pulse are reflected in the macroscopic
absorption spectrum of a magnetic transition
metal.

The finite-electron-temperature calculations
provided a quasi-equilibrium reference and
showed that the change in Im[e(w)] near the
Ms 3 edge is not a simple uniform increase
or decrease of the equilibrium spectrum. In-
stead, positive and negative spectral compo-
nents appear in the edge region, indicating
that the transient response contains contri-
butions from both spin-dependent electronic-
structure changes and charge-screening dy-
namics.

The explicit pump—probe TDDFT simula-
tions showed that the calculated differential
absorption Apu(w,7) exhibits rapidly varying
structures during the temporal overlap of the
pump and probe pulses, reflecting coherent
nonequilibrium electron dynamics. After the
main part of the pump pulse has passed, the
response becomes more persistent and contains
a broad positive contribution together with a
narrower negative component near the M3
edge. The line shape of the corresponding
change in Ime(w)] is qualitatively consistent
with the two-component structure found in the
finite-T, reference calculation.

The narrow edge-related negative compo-
nent is attributed to a reduction of the lo-
cal spin polarization and of the associated ex-

change splitting of the Ni 3p semicore states.
In contrast, the broader positive contribution
is associated with pump-induced charge re-
distribution and the modification of micro-
Be-

cause spin—orbit coupling is not included in the

scopic screening and local-field effects.

present calculation, the magnetic change dis-
cussed here should be understood as a change
in local spin polarization and spin-dependent
electronic structure, rather than spin-flip de-
magnetization. These results show that the
Ni My 3-edge ATAS signal encodes both mag-
netic and nonmagnetic electronic dynamics,
and that a direct real-time TDDFT pump—
probe simulation provides a useful microscopic
basis for interpreting the macroscopic transient
optical response of laser-driven ferromagnetic
Ni.
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