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Controlling photoexcited electron spin by light polarization in ultrafast-pumped altermagnets
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Altermagnets (AMs) constitute a novel class of spin-compensated materials in which the symmetry connecting
opposite-spin sublattices involves a spatial rotation. Here, we uncover a set of unique nonlinear, light-driven
properties that set AMs apart from traditional ferro- and antiferromagnets. We demonstrate theoretically that
the polarization of an electromagnetic pulse that photo-excites electrons and holes in an AM, controls the spin
orientation of these nonequilibrium charge carriers. For a d-wave AM model and a prototype material, a RuO2

bilayer, we show that very large post-pump spin polarizations may be attained by exploiting resonances. We show
that this protocol also allows, in an AM, to directly probe the spin splitting of the electronic states in energy
and momentum space. Thus, it can be used to identify and characterize altermagnetic materials via ultrafast
pump-probe Kerr/Faraday spectroscopy or spin- and time-resolved ARPES. This opens up the possibility of
devising ultrafast optical switches of nonequilibrium spin-polarization, finely tunable by adjusting the pump-
pulse characteristics.

DOI: 10.1103/yjp4-gkj9

I. INTRODUCTION

Altermagnetism has recently emerged as a new type
of magnetic ordering, distinct from ferro- and antiferro-
magnetism. Similarly to antiferromagnets (AFMs), the net
magnetization of altermagnets (AMs) vanishes by symmetry.
They differ from AFMs because the enforcing symmetry that
connects the two magnetic sublattices is not merely an in-
version or translation, but also involves a rotation [1,2]. This
leads to a breaking of the spin degeneracy of the electronic
states in their nonrelativistic band structure with an energy
scale set by the local exchange field, which is generally much
larger than the relativistic spin-orbit-coupling energy scale.
A large number of AMs have already been identified [3–7],
and this number continues to grow. Various linear response
properties of AMs have been recognized that may render them
of practical interest, for instance, as spin current generators
relevant for spintronics [1,2]. Also, the recently developed
Landau theory of altermagnetism [8] allows to relate the
formation of altermagnetic order directly to other key lin-
ear response properties such as anomalous Hall conductivity
[1,9], Edelstein response [10,11] and piezomagnetic [12–14],
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magneto-optic, and magneto-elastic [15] effects. In particu-
lar, the linear magneto-optical response in the presence of
an external magnetic field, which involves momentum- and
spin-dependent matrix elements, is sensitive to the presence of
altermagnetism and depends on the orientation of the ground
state Néel vector [16].

Here, we take a step beyond the linear responses of AMs
and consider their nonlinear, light-driven properties. In gen-
eral, the possibility of controlling the physical properties of
solids with ultrafast electromagnetic (EM) pulses is a fas-
cinating goal at the core of a broad research field [17–23].
Here we set out to determine how the features of a strong
time-dependent EM pulse (its polarization, frequency, ampli-
tude, and duration) affect the properties of the pump-induced
charge carriers (their density, spin, and momentum) in AMs.
This is a profoundly nonlinear optical process, which involves
the time evolution of the entire system and we keep track
of its complete response to the pump pulse. Using the Dy-
namical Projective Operatorial Approach (DPOA) [23–25],
which allows to efficiently study out-of-equilibrium systems
by projecting the time-dependent operators on their equi-
librium counterparts, we analyze the field-induced charge
carriers in a d-wave AM model as well as a metallic RuO2

bilayer, employing its electronic properties we calculated
ab initio.

Our analysis reveals that by changing the linear polariza-
tion of the EM pump pulse, it is possible to photo-excite
electrons with a specific spin orientation, exploiting the res-
onance of specific momentum regions of the band dispersion
to the pulse frequency and, in particular, the polarization and
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momentum dependence of the light-matter coupling per spin
direction in AMs. We show how the effect can be tuned and
optimized adapting the pulse characteristics and demonstrate
how the large electronic spin-splittings of AMs in momentum
space can be leveraged to generate large densities of pump-
induced spin polarization. The pulse polarization control of
the spin direction and net magnetization of photo-pumped
charge carriers are underlain by the altermagnetic symmetry
and thus absent in conventional ferro- or antiferromagnets.

The essential ingredient in AMs that allows photo-exciting
electrons with a specific spin orientation is the anisotropy of
the electronic structure of a single spin species. Without spin-
orbit coupling, the Hamiltonian is block diagonal with respect
to the two spin species, σ and −σ , so that the symmetry of
each spin-block can be considered separately. For instance,
in a two-dimensional d-wave AM, the electronic structure
of the spin-species σ has a twofold rotation symmetry, C2,
which implies in general the presence of an optical anisotropy
along the two orthogonal axes a and b of the lattice. For a
given excitation frequency and linear photon polarization of
the impinging electric field, E, in extrema, an optical transi-
tion could be allowed along one axis (let us say, E ‖ a) and
forbidden along the other one (E ‖ b), for the spin species σ

under consideration. The d-wave AM has a lattice symmetry
and magnetic ordering such that it restores a fourfold rotation
symmetry (which in principle renders a and b equivalent), but
only when it is combined with time reversal, which maps σ

to −σ . Having this C4T symmetry in the electronic structure
implies that the excitation cross section of σ with photon
polarization along a, is equal to that of −σ with photon
polarization along b. In the extreme case mentioned above,
this implies that for E ‖ a only electrons with spin σ are
excited and, vice versa, for E ‖ b only electrons with spin −σ

are excited. When coming to evaluate on a quantitative level
how photo-excited electron-spin can be controlled by light-
polarization in realistic ultrafast-pumped AMs, it is clear that
these symmetry considerations imply that a linearly polarized
pump photon field can, in principle, couple differently to the
two spin species.

II. d-WAVE AM MODEL HAMILTONIAN

To capture the photo-excitation behavior of an AM induced
by a linearly polarized EM pulse, we first consider the simple
realization of a d-wave AM introduced in Ref. [26]. The
model takes the form of a 2D Lieb lattice shown in Fig. 1(a),
where the antiparallel magnetic moments (blue and red dots)
form two distinct sublattices related by fourfold rotation.
The AM character emerges from the two sublattices having
distinct local environments due to the presence of further non-
magnetic sites [26]. A Kondo-type interaction couples frozen
localized spins with itinerant electrons hopping only among
the two magnetic sublattices, resulting in a spin-split band
structure, see Fig. 1(b). For simplicity, we take a parametriza-
tion (see Appendix A) that comes with a clean gap between
the AM bands at half filling, see Fig. 1(b). As expected, the
spin-up, εkn↑, and spin-down, εkn↓, bands are related by a π/2
rotation in the k space [see Fig. 1(b)]. We indicate the valence
(conduction) band by n = 1(2). The spin-specific band gap,

FIG. 1. (a) Sketch of the d-wave AM model and the vector po-
tential A(t ) of the pump pulse impinging on it. (b) Spin-up (red)
and spin-down (blue) electronic bands. The thickness of the super-
imposed solid lines is proportional to the post-pump electron and
hole photo-excited populations, for A0 = 0.2 h

ea , ωpu = 25 t1
h̄ , τpu =

0.8 h̄
t1

, and ϕ = 90◦. Momenta ki, for i = 1, . . . , 4, denote resonant
k-points. Only k1,2 host non-negligible post-pump photo-excited
populations because of the corresponding noticeable coupling to the
pump pulse. (c)–(d) Band gap �kσ over the whole BZ for spin-down
and spin-up bands, respectively. The dashed lines mark the positions
of resonant k-points. (e)–(f) Light-matter coupling strengths, |Cϕ

kσ
|2,

over the whole BZ for spin-down and spin-up bands, respectively,
and ϕ = 90◦.

�kσ = εk2σ − εk1σ , naturally exhibits the AM symmetry [see
Figs. 1(c)–1(d)].

III. LIGHT PULSE IMPINGING ON A SOLID

To determine how an ultrafast EM pulse impacts the spin
and charge distribution of photo-excited states in an AM,
we start from the spin-conserving dipole-gauge Hamiltonian
describing the interaction between a classical EM pulse in
the dipole approximation and a solid-state lattice system
[24,25,27]

Ĥ =
∑

k,ν,ν ′,σ

c†
kνσ

Tk+ e
h̄ A(t ),νν ′σ ckν ′σ

+ eE(t ) ·
∑

k,ν,ν ′,σ

c†
kνσ

Dk+ e
h̄ A(t ),νν ′σ ckν ′σ , (1)
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where k is the crystal momentum that is summed over the
Brillouin zone (BZ), σ is the electronic spin, ν and ν ′
are sets of quantum numbers identifying orthogonal local-
ized electronic states (e.g., the maximally localized Wannier
states), ckνσ (c†

kνσ
) is the annihilation (creation) operator of an

electron in the state with quantum numbers (k, ν, σ ), A(t )
is the vector potential and E(t ) = −∂t A(t ) is the electric
field of the impinging pulse. Tkνν ′σ is the matrix element of
the first-quantization (single-particle) equilibrium Hamilto-
nian and Dkνν ′σ is the matrix element of the local dipole in
the reciprocal space.

IV. MECHANISM FOR POLARIZATION CONTROL OF
POST-PUMP ELECTRON-SPIN DISTRIBUTION

Before presenting the calculated post-pump, nonequi-
librium electron-spin distribution, we first elucidate the
mechanism by which the polarization of the light pulse can
control and switch the spin orientation of the excited elec-
trons, a property that sets AMs apart from conventional FMs
and AFMs. We consider a pump-pulse with a polarization in
the lattice plane parametrized by the angle ϕ formed with the
x axis, as indicated in Fig. 1(a). The cross-section for photo-
excitation is large when the spin-specific band gap �kσ is in
resonance with the pump-pulse frequency ωpu. The resonant
momenta are indicated by dashed lines in Figs. 1(c)–1(f) and
include, for instance, momenta k1−4 indicated in Fig. 1(b).
Here k1,2 correspond to resonances of spin-up electrons, and
k3,4 to spin-down ones. It is important to note that due to
the altermagnetic symmetry, k1,2 are related to k3,4 by a π/2
rotation. The light-matter coupling strength Cϕ

kσ
determines

how strongly these states couple to the light field. In an AM,
this essential ingredient depends in a nontrivial manner on the
spin σ of the electronic states involved and the polarization
ϕ of the light pulse. In the following, we will determine the
expression of Cϕ

kσ
and its dependence on light-pulse character-

istics explicitly. The calculated light-matter coupling strength
for the d-wave AM model is shown in Figs. 1(e) and 1(f) for
ϕ = 90◦ [28]. For this polarization direction, one observes
that although k3,4 are in resonance, these states only couple
weakly to the light field so that the post-pump density of
spin-down states is low [see Fig. 2(d)]. However, for the
same polarization direction, k1,2 strongly couple to the light
field [Fig. 1(f)] and host a large spin-up density after pump-
ing [Fig. 2(b)]. Because of the altermagnetic symmetry, the
rotation of the incoming light-pulse polarization by π/2 ex-
changes the role of spin-up and spin-down, see Fig. 2, giving
rise to spin-switching.

V. DYNAMICAL PROJECTIVE OPERATORIAL
APPROACH (DPOA)

To determine quantitatively the impact of the pump
pulse on the electronic state of the system, we use the
DPOA [23–25], which efficiently and effectively study out-
of-equilibrium systems by projecting the time-dependent
operators on their equilibrium counterparts, cknσ (t ) =∑

n′ Pknn′σ (t )ckn′σ , and moving the solution of the operatorial
dynamics to the solution of the equations of motion of the
dynamical projection matrices, Pknn′σ (t ) (see Appendix B).
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FIG. 2. The pump pulse polarization controls the spin of
the photo-excited charge carriers: shown are the post-pump spin
up/down electron populations, Nϕ

kσ
(∞), for pump pulse polarization

ϕ = 0/90◦: (a), (b) spin-up, (c), (d) spin-down, (a), (c) ϕ = 0◦, and
(b), (d) ϕ = 90◦.

In principle, this allows to compute any out-of-equilibrium
response, such as time-resolved ARPES [24] and transient
optical properties [25]. In particular, the electronic band
populations can be obtained as Nknσ (t ) = 〈c†

knσ
(t )cknσ (t )〉 =∑

n′ Pknn′σ (t ) f+(εkn′σ )P�
knn′σ (t ), where f+(ε) is the Fermi dis-

tribution function [24] (see Appendix B).

VI. RESULTING POST-PUMP ELECTRON-SPIN
DISTRIBUTION

The pump pulse that we consider features a vector potential
A(t ) = A0e−(4 ln 2)t2/τ 2

pu sin(ωput )Â, where A0 is its ampli-
tude, τpu is the FWHM of its Gaussian envelope centered at
time t = 0, and ωpu is its central frequency. The electronic
excited population, which is the positive excess post-pump
electronic population with respect to the thermal equilibrium
one summed over all bands, is denoted by N

ϕ

kσ
(∞). Given

that the main excitation processes in the model are due to
one-photon resonances, the dimensionless light-matter cou-
pling is determined from the off-diagonal element of the
velocity (first-order) term in the Peierls expansion: Cϕ

kσ
=

1
t1a

∑
νν ′ �

†
k1ν ′σ (∂kA Tkν ′νσ )�kν2σ (see Appendix B). |Cϕ

kσ
|2 ex-

hibits the same symmetry of εknσ and �kσ under rotation of
the polarization. As indicated above, for fixed polarization,
|Cϕ

kσ
|2 is instead very different between spin-up and spin-

down [see Figs. 1(e)–1(f)].
The post-pump electron photo-excited populations,

N
ϕ

kσ
(∞), of the d-wave AM model for the four relevant

cases obtained by crossing the values of spin σ (up and down)
and polarization ϕ (0◦ and 90◦) are shown in Fig. 2. The
noticeable difference in the coupling strength |Cϕ

kσ
|2 between

spin-up and spin-down for the chosen pump pulse frequency
and polarization (ϕ = 90◦), that is along the dashed lines of
Figs. 1(e) and 1(f), leads to the huge difference between the
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FIG. 3. (a) Characteristics of the vector potential of the pump
pulse. (b)–(c) Post-pump electron photo-excited magnetization per
unit cell, Sϕ (∞), as a function of the FWHM, τpu, and (b) the square
of the pump pulse amplitude, A2

0, (c) the pump pulse frequency, ωpu,
for ϕ = 90◦ and the same parameter values of Fig. 1.

values of N
ϕ

k↑(∞) and N
ϕ

k↓(∞) in Figs. 2(b) and 2(d), and
determines the regions in k space where one can find the
higher values of Nϕ

k↑(∞): the momentum and spin selectivity
by polarization is demonstrated. The symmetry of N

ϕ

kσ
(∞)

relates Figs. 2(a) and 2(c), to Figs. 2(b) and 2(d).
Having established that the pump pulse frequency, ωpu,

selects the resonant momentum region, and the pump pulse
polarization, ϕ, is very effective in selecting the spin, we
turn to the effects of the pulse’s amplitude, A0, and duration,
measured through the FWHM, τpu, of its Gaussian envelope
[see Fig. 3(a)]. In Figs. 3(b) and 3(c), we report the post-pump
electron photo-excited magnetization per unit cell, Sϕ (∞) =

a2

4π2

∫
BZ [Nϕ

k↑(∞) − N
ϕ

k↓(∞)]dk, to discuss its dependence on
pump pulse FWHM, amplitude, and frequency at fixed polar-
ization (ϕ = 90◦).

Within the overall time span of the pump pulse, the electron
photo-excited populations at (and close to) resonant k-points
undergo Rabi-like oscillations with a Rabi frequency, ω

ϕ

R,kσ
,

which is proportional to |Cϕ

kσ
|A0 [23,29]. Accordingly, the

post-pump electron photo-excited populations, N
ϕ

kσ
(∞), is

roughly proportional to sin2(ωϕ

R,kσ
τpu/2), which can be ap-

proximated to (ωϕ

R,kσ
τpu/2)2 for small enough pump pulse

amplitudes and durations [29]. This explains why, in Fig. 3(b),
Sϕ (∞) increases monotonically with the pump pulse FWHM,
τpu, only at small enough amplitudes, A0, while it has a
re-entrant behavior on continuously increasing τpu for large
enough values of A0.

On varying the pump pulse frequency, ωpu, instead, we
change the loci of resonant k-points within the BZ and,
accordingly, we also explore the landscape of light-matter
coupling strengths, |Cϕ

kσ
|2 [compare to Figs. 1(c)–1(f)]. At

the largest frequencies, in Fig. 3(c), the region of resonant
k-points is so small [see Figs. 1(c)–1(d)] that the reentrant
behavior of Sϕ (∞) on increasing τpu is very difficult to resolve
on the 2D map, while it is clearly visible for all other high and
intermediate values of the frequency. For smaller and smaller
values of the frequency, we observe an interesting new effect:
the number of resonant k-points with significant values of
the coupling strength becomes more and more comparable

FIG. 4. Post-pump electron photo-excited populations, Nϕ

kσ
(∞),

for the bilayer RuO2 for (a) ϕ = 0◦ and (b) ϕ = 90◦. The used pump
pulse parameters are A0 = 2 V fs/nm, ωpu = 2 PHz, and τpu = 12 fs.
The temperature is fixed at about 290 K (i.e., 25 meV). (c) Post-
pump electron photo-excited magnetization per unit cell, Sϕ (∞), for
ϕ = 90◦ as a function of (c) the FWHM, τpu, and the square of the
pump pulse amplitude, A2

0, with ωpu = 2 PHz and (d) the pump pulse
frequency, ωpu, and for τpu = 12, 20, and 28 fs with A0 = 2 V fs/nm.

between the two spin orientations [compare to Figs. 1(c)–1(f)]
up to an overtaking that reflects in an inversion of the sign
of Sϕ (∞) for ωpu � 10 t1

h̄ [the reddish area in Fig. 3(c)]. On
increasing τpu in this region of pump pulse frequencies, ωpu,
given the strong spin dependence of the Rabi frequency, ωϕ

R,kσ
,

we scan values of N
ϕ

kσ
(∞) that again tend to compensate

between the spin orientations over the whole BZ and increase
the value of Sϕ (∞) up to reestablishing its positivity.

VII. PUMPED ALTERMAGNETIC BILAYER

To demonstrate this phenomenology and the related effects
also on the ab initio electronic structure of materials, with
all their complexities in terms of band structure and num-
ber of active degrees of freedom, we performed a similar
analysis on a prototype AM material—a RuO2 bilayer (see
Appendix C). While experiment evidences that bulk RuO2

is not magnetic [30–33], altermagnetism can be stabilized in
thin films [34,35]. In real materials, charge excitations decay
because of electron-phonon scattering, spontaneous emission,
etc. However, the time-scales of such processes are usually of
the order of hundreds of femtoseconds [21,23,36,37], while
the ultrafast pumping that we consider here occurs over a
time-scale of tens of femtoseconds. Accordingly, the post-
pump photo-excitations are computed well before such decay
mechanisms become relevant. In Figs. 4(a) and 4(b), the
post-pump electron photo-excited populations, Nϕ

kσ
(∞), for

ϕ = 0◦ and ϕ = 90◦, respectively, clearly show that through
this protocol–varying the pump pulse polarization–, it is pos-
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sible to excite different spin polarizations selectively both in
specific regions of the BZ and overall in the system. This is
further confirmed by looking at the post-pump electron photo-
excited magnetization per unit cell, Sϕ (∞), as a function of
the pump pulse characteristics. In Fig. 4(c), despite the much
larger complexity of the system under analysis, we recover the
same qualitative behavior we have found for the d-wave AM
model [compare to Fig. 3(b)] confirming the robustness of the
phenomenology.

In Fig. 4(d), we see that Sϕ (∞) can be easily tuned in
absolute value and even in sign, on varying both the pump
pulse frequency, ωpu, and the FWHM, τpu, of the pump pulse.
The complexity of real materials calls for different regions
of the BZ for each spin orientation to become active at the
same time, in terms of being single or multiphoton resonant
and more or less coupled to the applied EM pump pulse. It is
worth noting that, in real materials, we can have multiphoton
resonances, and not necessarily just single-photon ones, and
the former can become even dominant with respect to the
latter [23].

The complexity of real materials does not hinder the phe-
nomenology, which we proved to be very robust even in this
case. Actually, such complexity allows for greater tunability
and switchability, the possibility of designing and engineering
altermagnetic materials for specific needs, and paves the way
for an effective ultrafast optical control of AMs, with all
possible future potential technological applications.

VIII. CONCLUSIONS AND PERSPECTIVES

The phenomenology and the effects discovered and
demonstrated can be used (i) to identify altermagnetic mate-
rials via pump-probe Kerr and Faraday spectroscopies and/or
spin- and time-resolved ARPES, (ii) to probe the spin polar-
ization of the band structure of AMs in energy and momentum
space, (iii) to generate photo-excited holes and electrons with
a specific spin orientation that could be used to obtain bias-
induced spin-polarized currents, and (iv) to devise an optical
switch of the net spin polarization of photo-excited holes and
electrons by tuning the pump pulse characteristics.

In parallel to our theoretical work, in recent magneto-
optical measurements on RuO2 films, the connection between
the linear polarization of an impulsive pump pulse and the
sign and magnitude of the optically excited electronic spin
polarization has been demonstrated experimentally by Weber
et al. [38]. The instantaneous optical excitation cross sec-
tion is determined from Fermi’s golden rule and subsequently
the post-pump scattering dynamics of excitations is analyzed
[39]. Here, instead, we determine the complete nonlinear re-
sponse of the system to a time-dependent pump pulse, taking
into account all single and multiphoton processes and the
consequent Rabi-like oscillatory behaviors. In particular we
have considered a Gaussian modulated sinusoidal pump pulse
that allows one to exploit resonances and explore the full
complexity of the BZ landscape in AMs. Accordingly, we
have determined how the features of the pump pulse (polariza-
tion, frequency, amplitude, and duration) quantitatively affect
the excitation of photo-induced charge carriers (their density,
spin, and momentum).

ACKNOWLEDGMENTS

A.E. and A.A. acknowledge financial support from Minis-
tero dell’Università (MUR) through the PNRR MUR Project
No. PE0000023-NQSTI-TOPQIN. J.v.d.B. and O.J. acknowl-
edge financial support from the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) through the
Sonderforschungsbereich SFB 1143, Grant No. YE 232/2-
1, and under Germany’s Excellence Strategy through the
Würzburg-Dresden Cluster of Excellence on Complexity and
Topology in Quantum Matter– ct.qmat (EXC 2147, Project-
IDs 390858490 and 392019).

DATA AVAILABILITY

The data that support the findings of this article are openly
available [28].

APPENDIX A: THE d-WAVE AM MODEL

In the d-wave AM model [26], the Hamiltonian is param-
eterized by the Kondo interaction strength, J , the staggered
magnetization vector, N, a nearest-neighbor hopping, t1, and
anisotropic next-nearest-neighbor hoppings, t2a and t2b, over
two sublattices A and B. Then, its matrix elements read
as [26]

Tkνν ′σ = −4t1 cos
kx

2
cos

ky

2
τ x
νν ′

− 2t2(cos kx + cos ky)τ 0
νν ′

− 2td (cos kx − cos ky)τ z
νν ′ + JNzστ z

νν ′ , (A1)

where ν, ν ′ ∈ {A, B}, τ 0, τ x, τ y and τ z are the Pauli matrices,
and σ = + (−) corresponds to the spin-up (down). We set
Nz = N · ẑ = 1.25 4td

J , which is the staggered magnetization in
the z direction. Moreover, we set t2 = t2a+t2b

2 = 0.5t1, and td =
t2a−t2b

2 = 2t1. In this model, Dkνν ′σ = 0.

APPENDIX B: DYNAMICAL PROJECTIVE
OPERATORIAL APPROACH (DPOA)

In principle, for a general time-dependent Hamiltonian
H(t ), it is always possible to find some sets of operators,
Cα , that display a closed hierarchy of equations of motion:
ih̄∂tCα (t ) = [Cα (t ),H(t )] = �α (t ) · Cα (t ), where · is the ma-
trix product in the space of the operators belonging to a
specific set α, while �α (t ) is known as the time-dependent
energy matrix [24,40]. The DPOA [23–25] exploits this occur-
rence to efficiently and effectively study out-of-equilibrium
systems by projecting the time-dependent operators on their
equilibrium counterparts (Cα (t ) = Pα (t ) · Cα) and moving the
solution of the operatorial dynamics to the solution of the
equations of motion of the dynamical projection matrices
Pα (t ): ih̄∂t Pα (t ) = �α (t )Pα (t ). For a quadratic Hamiltonian
of a solid-state lattice system, the operators C reduce to the
electronic annihilation operators.

Usually, it is convenient to work in a basis that diago-
nalizes the equilibrium Hamiltonian: Tkνν ′σ in Eq. (1). The
transformation to such a basis, which we denote by the index
n, is performed by a unitary matrix, �kνnσ . The electronic
annihilation operator in this basis reads as cknσ (t ). The corre-
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sponding eigenvalues are denoted by εknσ , and are the bands
of the system. One fundamental ingredient in the DPOA
framework is the use of the so-called Peierls expansion,
which is a Taylor expansion for computing very efficiently
Tk+ e

h̄ A(t )νν ′σ and Dk+ e
h̄ A(t )νν ′σ in Eq. (1) [24]: χk+ e

h̄ A(t )(t ) =∑∞
m=0

1
m! ( e

h̄ A(t ))m(∂kA )mχk, where kA = k · Â and Â is the po-
larization of A(t ) = A(t )Â.

APPENDIX C: DETAILS OF THE RuO2 BILAYER

While there is a mounting experimental evidence that bulk
RuO2 is not magnetic [30–33], altermagnetism can be stabi-
lized in thin films [34,35]. Here, we consider a free-standing
bilayer of RuO2, which we use as a prototype system with
an effective d-wave AM model that mimics the complex-
ity of real materials. To construct an altermagnetic bilayer,

we start from the bulk crystal structure and make a slab
with two formula units oriented along the c-axis of the bulk
system. Opposite-spin Ru ions are related by fourfold roto-
inversion symmetry, and the system can be represented as
a

√
2 × √

2 × 1 supercell described within the space group
Cmm2 (35) with a = 6.35 Å. For this structure, we perform
density-functional calculations in GGA+U [41,42], as imple-
mented in the Wien2k code [43]. We use the full localized
limit for the double counting correction and parameters U =
1.52 eV and J = 0.4 eV. For the BZ integrations, we use a k-
point mesh having 2000 k-points in the irreducible BZ, along
with a tetrahedron method. The calculation of the post-pump
excitations exploits a Wannier model based on Ru 4d and
O 2p orbitals, which was obtained with the Wannier90 code
[44]. The model successfully reproduces the DFT band struc-
ture in the energy range [−7 eV, 3 eV] around the Fermi
energy.
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and G. A. Sawatzky, Density-functional theory and NiO pho-
toemission spectra, Phys. Rev. B 48, 16929 (1993).

[43] P. Blaha, K. Schwarz, F. Tran, R. Laskowski, G. K. H. Madsen,
and L. D. Marks, WIEN2k: An APW+lo program for calculat-
ing the properties of solids, J. Chem. Phys. 152, 074101 (2020).

[44] G. Pizzi, V. Vitale, R. Arita, S. Blügel, F. Freimuth, G.
Géranton, M. Gibertini, D. Gresch, C. Johnson, T. Koretsune,
J. Ibañez-Azpiroz, H. Lee, J.-M. Lihm, D. Marchand, A.
Marrazzo, Y. Mokrousov, J. I. Mustafa, Y. Nohara, Y. Nomura,
L. Paulatto et al., Wannier90 as a community code: New fea-
tures and applications, J. Phys.: Condens. Matter 32, 165902
(2020).

024401-7

https://doi.org/10.1103/PhysRevLett.134.096703
https://doi.org/10.1103/PhysRevB.103.155409
https://doi.org/10.5281/zenodo.15446591
https://doi.org/10.1117/12.3029504
https://doi.org/10.1103/PhysRevLett.132.166702
https://doi.org/10.1103/PhysRevLett.133.176401
https://doi.org/10.1088/1361-648X/adad2a
https://doi.org/10.1103/PhysRevB.111.L041115
https://arxiv.org/abs/2405.05838
https://doi.org/10.1103/PhysRevB.109.134424
https://doi.org/10.1103/PhysRevB.97.205202
https://doi.org/10.1063/5.0053845
https://arxiv.org/abs/2408.05187
https://arxiv.org/abs/2411.08160
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevB.48.16929
https://doi.org/10.1063/1.5143061
https://doi.org/10.1088/1361-648X/ab51ff

