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Abstract

The recently predicted unconventional magnets offer a new ground for exploring the for-
mation of nontrivial spin states due to their inherent nonrelativistic momentum-dependent
spin splitting. In this work, we consider unconventional magnets with d- and p-wave
parities, and investigate the effect of time-periodic light drives for inducing the forma-
tion of spin-triplet phases in the normal and superconducting states. In particular, we
consider unconventional magnets without and with conventional superconductivity un-
der linearly and circularly polarized light drives and treat the time-dependent problem
within Floquet formalism, which naturally unveils photon processes and Floquet bands
determining the emergent phenomena. We demonstrate that the interplay between un-
conventional magnetism and light gives rise to a non-trivial light-matter coupling which
governs the emergence of Floquet spin-triplet states with and without superconductiv-
ity that are absent otherwise. We find that photon-assisted processes promote the for-
mation of spin-triplet densities and spin-triplet Cooper pairs between different Floquet
sidebands. More precisely, the Floquet sidebands offer an additional quantum number,
the Floquet index, which considerably broadens the classification of superconducting
correlations that lead to Floquet spin-triplet Cooper pairs as an entirely dynamical phe-
nomenon due to the interplay between light and unconventional magnetism. Further-
more, we discuss how the number of photons is connected to the symmetry of Cooper
pairs and also explore how the distinct light drives can be used to manipulate them and
probe the angular symmetry of unconventional magnets. Our results therefore unveil
the potential of unconventional magnets for realizing nontrivial light-induced supercon-
ducting states.
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1 Introduction

Unconventional magnets have recently emerged as a new class of magnetic systems beyond
the conventional dichotomy of ferromagnets and antiferromagnets [1–6]. This so-called third
class of magnetism exhibits spin-split Fermi surfaces similar to ferromagnets [7,8], yet main-
tains zero net magnetization due to compensated magnetic ordering akin to antiferromagnets
[9–11]. Interestingly, depending on the momentum-space parity of their magnetization, un-
conventional magnets can be classified into various angular momentum channels that include
even- and odd-parity symmetries [4, 6]; see also Refs. [12–14] for prior works. Among the
odd-parity unconventional magnets, we find e.g., p- and f -wave, while d-, g-, and i-wave for
even-parity magnets; these even-parity magnets are often called altermagnets [15,16], while
odd-parity magnets are simply referred to as either p-wave [17, 18] or f -wave magnets [17]
depending on their symmetry; see also Refs. [19–26] for recent studies. Furthermore, uncon-
ventional magnets with even-parity (e.g., d-, g-, and i-wave) break both rotational and time-
reversal symmetry but preserve their combined symmetry, while odd-parity magnets (e.g., p-
and f -wave) only break rotational symmetry with the time-reversal symmetry preserved [4,6].
These unique properties of unconventional magnets have motivated several studies since their
prediction [1–6], with exotic phenomena that include the prediction of a giant magnetore-
sistance [27], anomalous Hall effects [28–32], spin-orbit torques [33, 34], spin filtering ef-
fects [4,35–37], strongly correlations in Mott insulators [38], non-linear transport [22], non-
Hermitian effects [39, 40], multipoles [41] among other phenomena; see Refs. [1–6] for re-
cent reviews. With numerous candidate materials, including RuO2 [28,31,42], MnTe [30,43],
Mn5Si3 [32,44], CrSb [45], and Mn2Au [46], exploring unconventional magnets open a new
avenue for realizing magnetic phenomena in systems without net magnetization.

The promising properties of unconventional magnets have made a particular impact when
combining with superconductors [6], where a plethora of unconventional superconducting
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phases have been reported [47–63]. One of the key consequences of the interplay between
superconductivity and unconventional magnetism is the appearance of superconducting cor-
relations defining Cooper pairs with spin and angular properties inherent to unconventional
magnets [6, 47, 54–57, 59, 64]. In this regard, unconventional magnets with superconduc-
tivity not only induce a spin-singlet to spin-triplet conversion but also transfer their parity
to the emergent superconducting correlations, giving rise to Cooper pairs with spin-triplet
symmetry and higher angular momentum [6, 54, 56, 57]. In junctions with conventional s-
wave superconductors, unconventional magnets have been shown to produce novel effects
such as the superconducting diode effect [65–67], nonlinear superconducting magnetoelec-
tric effects [68, 69], superconducting spin-splitter behavior [70], and various Josephson ef-
fects [56, 71–76] related to Andreev reflections [77–84]. Furthermore, unconventional mag-
nets have been used for realizing Majorana zero modes in topological superconductors [85–88]
as well as in higher-order topological superconductors [89,90] without the need for external
magnetic fields [53, 85, 91–95]. All these emergent phases largely stem from the nontrivial
spin-momentum coupling in unconventional magnets, suggesting that coupling them to exter-
nal fields could give rise to even more exotic states.

One prominent example of external fields that uniquely couple to matter is light, which
not only enables control over intrinsic properties but also drives the emergence of novel non-
equilibrium states that are absent in the static regime. Of particular interest are time-periodic
light drives, which, through the framework of Floquet theory [96–98], provide a power-
ful approach to design dynamic phases via Floquet engineering [99–101]. In the normal
state, the application of light-drives via Floquet engineering has permitted the realization of
light-induced Hall effects [102–109], Floquet topological insulators [110–119], light-induced
Weyl semimetals [120–122], Floquet time crystals [123–126], among other dynamic phases
[99–101, 127–130]. Moreover, Floquet engineering in the normal state has also enabled ul-
trafast control of spin and magnetic textures on picoseconds or sub-picoseconds timescales,
giving rise to the field of ultrafast spintronics [131–135]. In superconducting systems, light
fields within Floquet theory have also been proven to be a key tool to design unique non-
equilibrium phenomena. For instance, this involves Floquet Majorana modes [136–148],
Floquet Majorana time-crystals [136–138, 149], the detection of topological phase transi-
tions via the Josephson effect [150, 151], Floquet-Andreev states [152–157], light-controlled
Higgs modes [158, 159], dynamic spin-triplet superconductivity [160], and Floquet Cooper
pairs [158, 161]. Very recently, the effect of light drives on unconventional magnets with su-
perconductivity has also been addressed, but then the few existent studies mostly consider
high-frequency light drives [57, 162]. As a result and despite all these advances, the role of
Floquet sidebands on emergent light-induced superconducting effects in unconventional mag-
nets remains largely unexplored.

In this work, we consider time-periodic light drives in unconventional magnets with spin-
singlet s-wave superconductivity and investigate the emergence of light-induced Floquet Cooper
pairs. In particular, we consider p- and d-wave unconventional magnets under time-periodic
circularly and linearly polarized light drives, as schematically shown in Fig. 1. We first discuss
how unconventional magnetism induces a spin-triplet density and spin-triplet Cooper pairs in
the static regime of normal and superconducting states (Fig. 2). We then demonstrate that the
interplay between light and unconventional magnetism gives rise to a nontrivial light-matter
interaction that is the key for realizing light-induced Floquet spin-triplet states, which are ab-
sent in the static regime. We unveil that these Floquet spin-triplet states appear as a result
of the Floquet sidebands, hence involving single- and two-photon assisted processes. In the
normal state, the Floquet spin-triplet density can be directly used to identify the strength of
unconventional magnetism (Fig. 3 and Fig. 4). We find that this is also possible in the su-
perconducting state and, additionally, in this case, we obtain that the Floquet spin-density is
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directly tied to the emergence of Floquet Cooper pairs with spin-singlet and spin-triplet con-
figurations. These Floquet Cooper pairs are allowed due to the extra quantum number, the
Floquet sideband index, which broadens the classification of superconducting symmetries into
Floquet classes that coexist between different Floquet sidebands through the absorption or
emission of photons; see Fig. 5 and Table 1. Among the Cooper pairs symmetry classes, we
identify two types of Floquet spin-singlet Cooper pairs induced purely due to the effect of the
light field on the parent spin-singlet superconductor, and two emergent types of Floquet spin-
triplet Cooper pairs arising entirely due to the combined interaction of light, unconventional
magnetism, and spin-singlet superconductivity.

We further show that the number of photons involved in the formation of Floquet Cooper
pairs is crucial for classifying the different pairing classes (Fig. 6), which reveals distinct parity
pairs in driven d-wave (Fig. 7) and p-wave magnets (Fig. 8). This also permits us to conclude
that all pair amplitudes involving an odd number of photons are entirely induced by the light
drive, while those involving an even number of photons can exist even in the static phase due
to their link to the parent superconductor (Figs. 9 and 10). Finally, we obtain that the Cooper
pair amplitude can be controlled through the competition between the polarization direction
of linearly polarized light and the orientation of the unconventional magnetic order, providing
a potential approach for identifying the angular symmetry of unconventional magnetism in
both the high-frequency [57] and the low-frequency regimes (Fig. 11). We stress that, while
our results focus on p-wave and d-wave unconventional magnets, the presented methodology
and outcome are applicable to other types of unconventional magnets, such as those with
higher angular momentum symmetries (Appendix A) and higher unconventional magnetic
fields (Appendix B). Our findings demonstrate that unconventional magnets are rich systems
for realizing light-induced superconducting states by means of Floquet engineering.

This paper is organized as follows. In Sec. 2, we present the models for unconventional
magnets with and without spin-singlet s-wave superconductivity in the static regime; here we
examine the spin density and spin-triplet Cooper pairs, with a particular focus on d-wave and
p-wave unconventional magnets. In Sec. 3, we analyze the nontrivial light–matter interactions
and their Floquet description in unconventional magnets with and without superconductivity.
Sec. 4 and 5 present a detailed analysis of the Floquet spin density and Floquet Cooper pairs.
The conclusions are summarized in Sec. 6. In appendices A and B, we discuss higher angular
momentum symmetries and d-wave altermagnets at stronger exchange fields, respectively.

2 Unconventional magnets in the static regime without and with
superconductivity

In this section, we introduce the simplest models to describe unconventional magnets with and
without spin-singlet s-wave superconductivity in the static regime. In both cases, we discuss
how the unconventional magnetism induces a spin-triplet density and, in the superconduct-
ing part, we additionally show the emergence of spin-triplet Cooper pairs; these results are
summarized in Fig. 2.

2.1 Unconventional magnets in the normal state

To model unconventional magnets, we consider the following low-energy Hamiltonian [6]

Hσq (k) = ξk +σJq (k) , (1)

where the Néel vector is chosen along z, σ = +1 (−1) denotes the spin-up (spin-down),
k =
�

kx , ky

�

, ξk = Bk2−µ is the kinetic energy with k =
q

k2
x + k2

y and the chemical potential
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Figure 1: (a) Schematics of an unconventional magnet (gray) under a time-periodic
light drive A(t) (wiggle yellow arrows). (b) An unconventional magnet in proximity
to a conventional spin-singlet s-wave superconductor (violet) under a time-periodic
light drive. (c) Illustration of circularly and linearly polarized light drives, with com-
ponents Ax ,y . Here, φA denotes the linear polarization angle. (d) Spin-split Fermi
surfaces in the kx–ky plane for d-wave and p-wave unconventional magnets, with
θJ representing the orientation angle measured from the x-axis. The blue and red
colors correspond to up and down spins. (e) Sketch of the isotropic order parameter
of a conventional spin-singlet s-wave superconductor.

µ. Moreover, Jq is the field characterizing unconventional magnetism and described by [6]

Jq (k) = αqkq cos [q (θk − θJ )] , (2)

where αq represents the strength of unconventional magnetism, θk = arctan
�

ky/kx

�

, and θJ
is the magnetic direction, see Fig. 1(d). Eq. (2) is anisotropic depending on the crystalline
momentum orientation θk and θJ . Different unconventional magnets are categorized by the
order of momentum, q, in Eq. (2). In particular, for q = {0, 1,2, 3,4, 6}, the field Jq (k)
describes s-wave, p-wave, d-wave, f -wave, g-wave, or i-wave magnets, respectively; see
Refs. [5, 6, 15–19, 48] and App. A. The s-wave case, with q = 0, is a conventional ferromag-
net breaking time-reversal symmetry T . In other q-even magnets, time-reversal symmetry
T and rotational symmetry C2q are broken, but the joint operation of T and C2q preserved
characterizing the so-called altermagnetism [15, 16, 48]. While the q-odd magnets in their
simplest forms only break C2q but preserve T due to the coupling between spin and odd-order
momentum, which are considered as p- and f -wave unconventional magnetism [17,18]. Con-
sidering more complicated models with noncoplanar spins and distinct sublattices, however,
time-reversal symmetry is broken [6, 17, 18]. Nevertheless, Eq. (2) is sufficient for describ-
ing the parity of the magnetization and the resulting anisotropic spin splitting [6, 18]. It is
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Figure 2: (a,b) Energy dispersion (a) and spin-triplet density (b) for a dx2−y2-wave
altermagnet in the normal state (∆= 0) at ky = 0, while in (c,d) the same is plotted
but for a px -wave magnet. The blue and red colors in (a,c) indicate spin-up and
spin-down bands, respectively, while in (b,d) the blue and red colors indicate the
positive and negative values of the spin-triplet density. In (b,d), the frequency is
chosen as z = 0+ i10−3. (e,f) Energy dispersion and real part of the spin-triplet pair
amplitude for a dx2−y2-wave altermagnet with spin-singlet s-wave superconductivity.
(g,h) The same quantities as in (e,f) but for a px -wave magnet with spin-singlet s-
wave superconductivity. In (e,g), the superconducting energy bands formed by spin-
up electrons and spin-down holes are depicted in blue, while the bands formed by
spin-down electrons and spin-up holes are shown in red. The blue and red colors
in (f,h) mark the positive and negative values of the real part of the spin-triplet pair
amplitude; here z = 0.1∆+ i10−3. Parameters: B = 1, αd = αp = 0.5, θJ = 0, µ= 1;
in (e-h) we also consider ∆ = 0.7µ for the dx2−y2-wave altermagnet and ∆ = 0.1µ
for px -wave magnet.

worth noting that Eq. (2) has a nonrelativistic origin [4,6,15,17,18,48], even though it is akin
to the common relativistic spin-orbit coupling [163, 164]; this implies that the spin-splitting
in unconventional magnets can be much larger than those due to the relativistic spin-orbit
coupling [4].

As noted above, a key unconventional magnetic feature captured by Eq. (2) is the mo-
mentum dependence of the field, which leads to an anisotropic spin splitting in the bands, see
below. Under general conditions, for θk = θq + nπ/q (n ∈ Z), the unconventional magnetic
effect is most pronounced and the spin-splitting depends solely on αqkq, while it vanishes for
θk = θq + (2n+ 1)π/ (2q) and gives spin-degenerate bands. To further inspect the spin split-
ting in the bands, we focus on two typical unconventional magnets having p-wave (q = 1) and
d-wave (q = 2) parity, which are often referred to as p-wave magnets [17, 18] and d-wave
altermagnets [15], respectively. For completeness, in App. A, we also explore unconventional
magnets with higher angular momentum. Hereafter, we focus on d- and p-wave unconven-
tional magnets. Thus, by expanding Eq. (2), Eq. (1) for p- and d-wave unconventional magnets
are given by

Hσp,d(k) = ξk +σJp,d(k) , (3)
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where Jd,p(k)≡ J1,2(k) are obtained from Eq. (2) and read

Jd(k) = αd

�

2kx ky sin2θJ +
�

k2
x − k2

y

�

cos2θJ

�

,

Jp(k) = αp

�

kx cosθJ + ky sinθJ

�

.
(4)

Here, we have two types of d-wave altermagnets: for θJ = π/4, we have a dx y -wave alter-
magnet; for θJ = 0, we have a dx2−y2-wave altermagnet. Similarly, for p-wave magnets at
θJ = 0 we have a px -wave magnet, while a px -wave magnet for θJ = π/2.

To further assess the spin splitting in unconventional magnets modeled by Eq. (3) and
Eq. (4), we obtain the eigenvalues of Eq. (3), which are given by

Eσd,p(k) = ξk +σJd,p(k) (5)

These energies are plotted in Figs. 2(a,c) for a dx2−y2-wave magnet and a px -wave magnet,
respectively, which demonstrate the momentum-dependent spin splitting of energy bands. As
already discussed before, the bands are degenerate in spin when θk = θJ +(2n+1)π/4 for d-
wave altermagnets and θk = θJ+(2n+1)π/2 for p-wave magnets, hence further unveiling the
anisotropic spin splitting. Moreover, the momentum-dependent spin splitting and spin texture
can be revealed in the spin-triplet density along z, which can be obtained as

Sz (ω, k) ≡ −
1
π

ImTr[σzG(ω+ i0+, k)] =
1
π

Im
2Jd,p (k)

J2
d,p (k)− (ω+ i0+ − ξk)

2 , (6)

where G(z, k) = [z − Hd,p(k)]−1, with H j = diag(H+j , H−j ), j = (d, p), and z = ω + i0+

defines the retarded Green’s function. Eq. (6) clearly shows that the spin-triplet spin density
Sz(ω, k) is directly determined by unconventional magnetism via Jd,p(k). To see the effect of
Jd,p(k), in Figs. 2(b,d) we show Sz(ω, k) as a function of momenta for dx2−y2- and px -wave
unconventional magnets. We clearly observe that the spin densities develop d- and p-wave
symmetries, with spin-polarized Fermi surfaces, thus revealing a key feature of unconventional
magnets. We stress that, since Eq. (6) is not limited to d- and p-wave unconventional magnets,
the behavior of the spin-triplet density is expected to characterize the parity in other angular
momentum unconventional magnets, such as f -, g- and i-wave magnet, which we further
discuss in App. A.

2.2 Unconventional magnets with conventional superconductivity

Having discussed unconventional magnets in the normal state, this part addresses them when
conventional spin-singlet s-wave superconductivity is induced by the proximity effect, see
Fig. 1(b,d,e). We model this system by the following Bogoliubov-de Gennes (BdG) Hamil-
tonian

Hνq (k) = ξkτz + ν∆τx +







νJq (k)τ0, q-even,

νJq (k)τz , q-odd,
, (7)

where ν = +(−) for the Nambu spinor (ψk,↑(↓),ψ
†
−k,↓(↑))

T , while τi is the i-th Pauli matrix in
Nambu space. The BdG spectrum is then given by

Eν,γ
q (k) =











νJq(k) + γ
q

ξ2
k +∆

2, q-even,

γ
Ç

�

ξk + νJq(k)
�2
+∆2, q-odd,

, (8)

where γ= ±1.
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In Fig. 2(e,g), we plot Eν,γ
q (k) as a function of momentum for a dx2−y2- and px -wave mag-

net with conventional superconductivity. Already from the energy dispersions, one can draw
some interesting conclusions about the nature of Cooper pairs in unconventional magnets. In
the q-even unconventional magnets with superconductivity, spin-dependent finite momentum
Cooper pairs [165, 166] are formed due to different momenta between the paired electrons
and holes with opposite spin. This can be seen in the BdG spectrum of a dx2−y2-wave magnet
with superconductivity in Fig. 2(e), where spin-dependent finite Cooper pair momentum is
given by KνC = kνe −k−νh , with kντ =

p

µ/(B +τναd) determined by the zero-energy momentum
of electrons and holes with τ = +1 and τ = −1, respectively. Such spin-dependent finite mo-
mentum moves the superconducting gap centers resulting in Doppler energy shifts [165,166],
which can lead to a gapless superconductor with hybridization gaps [50, 167, 168] when the
superconducting order parameter is below the critical value ∆c = αd kνe k−νh = αdµ/

q

B2 −α2
d .

On the contrary, in the q-odd case, there is no shift in the superconducting gap center due to
the absence of Doppler energy shifts as demonstrated in Fig. 2(g). In this case, although the
spin-degeneracy is lifted, time-reversal symmetry is preserved due to the odd-order momen-
tum term, resulting in zero-momentum Cooper pairs. Consequently, the superconducting gap
remains centered at zero energy, similar to non-magnetic superconducting systems.

A key consequence of the superconducting state is the formation of Cooper pairs, which
are characterized by superconducting pair amplitudes [169–175]. These pair amplitudes can
be directly obtained from the anomalous electron-hole Green’s function, which corresponds to
the off-diagonal elements of the Green’s function associated with the BdG Hamiltonian

Gν(z, k) = [z −Hνq (k)]
−1 =

�

Gν(z, k) Fν(z, k)
F̄ν(z, k) Ḡν(z, k)

�

. (9)

with z representing complex frequencies and Hνq (k) given by Eq. (7). Moreover, Gν(z, k)
and Ḡν(z, k) are the normal Green’s functions, while Fν(z, k) and F̄ν(z, k) are the anoma-
lous Green’s functions. While the normal Green’s functions enable to calculation of the den-
sity of states and spin densities, the anomalous Green’s functions characterize the supercon-
ducting pair amplitudes [94, 172–175]. In this regard, the functional dependence of the
pair amplitudes on the present quantum numbers determines the symmetry of emergent su-
perconducting correlation [94, 172–175], which must be antisymmetric under the total ex-
change of quantum numbers as dictated by Fermi-Dirac statistics. To identify the spin sym-
metry of the Cooper pairs we calculate the even and odd combination in spin indices as
F s(t)(z, k) = [F+(z, k) ∓ F−(z, k)]/2 since Fν (z, k) with ν = + (−) represents the pairing
between spin up (down) and down (up) fermions. Thus, we find spin-singlet and spin-triplet
pair amplitudes given by [6,54]

F s (z, k) =
∆

D(z)

�

z2 − ξ2
k −∆

2 + (−1)q J2
q (k)
�

, (10)

and

F t (z, k) =
2∆Jq (k)

D(z)
×







z, q-even,

−ξk , q-odd,
, (11)

where

D(z) =
∏

σ,γ

�

z − Eσ,γ
q (k)
�

. (12)

is an even function in z. Thus, spin-singlet and spin-triplet superconducting correlations co-
exist in unconventional magnets with spin-singlet s-wave superconductivity. While the spin-
singlet pairing results from the parent superconductor being spin-singlet s-wave, the spin-
triplet component arises entirely due to the interplay between unconventional magnetism
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and superconductivity. In fact, the spin-triplet pairing is directly proportional to the field
Jq(k) of the unconventional magnet [Eq. (11)], which, besides influencing the spin-singlet
to spin-triplet conversion, also plays a key role on the parity and frequency symmetries. This
can be seen by noting that the spin-triplet pair amplitude F t(z, k) in Eq. (11) can be even
or odd in momentum k (as well as in frequency z) depending on Jq(k). On one hand, for
q-even, Jq(k) = Jq(−k), which leads to a spin-triplet pair amplitude with even-parity and
odd-frequency. On the other hand, for q-odd, Jq(k) = −Jq(−k), implying that the spin-triplet
pair amplitude is odd-parity and even-frequency. For a d-wave altermagnet (q = 2), the in-
duced spin-triplet pair amplitude has odd-frequency spin-triplet d-wave symmetries, while
even-frequency spin-triplet even-parity for a p-wave magnet (q = 1). Hence, the momentum
parity of the unconventional magnet is transferred to the emergent spin-triplet pair ampli-
tude [6,54]. It is worth noting that, while odd-frequency spin-triplet Cooper pairs have been
studied before [146,176–192], such studies did not addressed the momentum parity transfer
as it happens in unconventional magnets [6, 54]. To further visualize the momentum depen-
dence of the spin-triplet pair amplitude F t(z, k), in Figs. 2(f,h) we plot its real part a function
of kx and ky for a dx2−y2- wave altermagnet and px -wave magnet, respectively. The first fea-
ture to notice is that F t(z, k) exhibits the parity of the underlying unconventional magnet,
see also the normal state spin-densities in Figs. 2(b,d). We can therefore conclude that, al-
though the parent superconductor is spin-singlet s-wave, unconventional magnetism is able to
induce spin-triplet Cooper pairs as well as spin-triplet densities as two important characteristic
effects. In the next sections, we explore how these two properties respond to the effect of a
time-periodic light drive.

3 Nontrivial light-matter interaction in unconventional magnets
and its Floquet description

In this section, we explore the effect of applying a time-periodic light drive on unconventional
magnets without and with spin-singlet s-wave superconductivity. We consider two types of
time-periodic light drives, involving circularly polarized light (CPL) and linearly polarized light
(LPL), in systems with d-wave and p-wave magnetic order. Moreover, we show how these time-
periodic systems are described within Floquet formalism in an extended frequency space.

3.1 Driven unconventional magnets in the normal state

We consider time-periodic CPL and LPL drives applied to unconventional magnets. The effects
of CPL and LPL are described, respectively, by time-dependent vector potentials as

AC (t) =
E0

Ω
(cosΩt,η sinΩt) , (13)

AL (t) =
E0

Ω
cosΩt (cosφA, sinφA) , (14)

where η = +1 (−1) indicates right-handed (left-handed) circular polarization [193], φA rep-
resents the real-space polarization direction [194] as denoted in Fig. 1(c), E0 is the field
amplitude, and Ω = 2π/T the frequency of the drive with period T . Then, the effect of the
light drives is incorporated in the Hamiltonian describing the unconventional magnets [Eq.
(3)] via the minimal coupling or Pierls substitution [195] as k → k + e/ħhA(t), where e is the
elementary charge. This leads to a time-dependent Hamiltonian Hσq (k, t) = Hσq [k+ e/ħhA(t)],
which, for d-wave magnet and p-wave unconventional magnets, reads

Hσj,β(k, t) = Hσj (k) + Vσj,β(t) , (15)
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where j = {p, d} denotes the type of unconventional magnet, Hσj (k) describes the static un-
conventional magnets and is given by Eq. (3), while Vσj,β(t) characterizes the effects of the
drives with β = {CPL, LPL} in d- and p-wave unconventional magnets. For d-wave altermag-
nets under CPL and LPL, Vσd,β(t) is given by

Vσd,CPL(t) = 2BkAk cos(θk −ηΩt)

+2σαd kAk cos(θk − 2θJ +ηΩt) (16)

+σαd k2
A cos(2θJ − 2ηΩt) ,

Vσd,LPL(t) = 2BkAk cos(θk −φA) cosΩt + Bk2
A cos2Ωt

+2σαd kAk cos(θk +φA− 2θJ ) cosΩt (17)

+σαd k2
A cos(2θJ − 2φA) cos2Ωt ,

while for driven p-wave magnets under CPL and LPL, respectively, we obtain

Vσp,CPL(t) = 2BkAk cos(θk −ηΩt) + Bk2
A (18)

+σ2αpkA cos(θJ −ηΩt) ,

Vσp,LPL(t) = 2BkAk cos(θk −φA) cosΩt + Bk2
A cos2Ωt

+σ2αpkA cos(θJ −φA) cosΩt , (19)

with

kA =
eE0

ħhΩ
. (20)

At this point, it is important to understand the nature of the elements in Eqs.(16)-(19).
For this purpose, we note that, under general conditions, in a Hamiltonian with kq-order
terms, Peierls substitution implies that the canonical momentum is of the form as [k+ A(t)]q ∼
∑q

n=0 kq−n [A(t)]n ∼
∑q

n=0 kq−nkn
A . Since q − n ≥ 0 is naturally required, the result of light-

matter interaction in the Hamiltonian is expected to include terms proportional to kn
A with

n = 0, 1, · · · , q. As is expected, in the driven unconventional magnet with q > 0, there are
more non-trivial light-matter interactions related to σαqkq−nkn

A and θJ , η or φA. Particularly,
the terms with kq

A are momentum-independent, as seen in Eq. (20). Based on this general
understanding, one can observe that all the first lines of Eqs. (16-19), proportional to BkA,
originate from the coupling between light and kinetic energy (∼ Bk2), which are expected in
a wide range of materials hosting parabolic dispersions and thus considered as trivial. Inter-
estingly, the second and the third lines of Eqs. (16-19) involve the coupling between light,
unconventional magnetism, and momentum via kA, σαd,p, and k, respectively, which unveil
a rather non-trivial interaction due to the interplay between light and unconventional mag-
netism.

In the driven d-wave altermagnets, the non-trivial light-matter interaction includes both
momentum-dependent term, σαd kAk [the second line of Eq. (16) and (17)], and momentum-
independent terms, σαd k2

A [the third line of Eq. (16) and (17)], both of which depend on the
spin via σ. In the CPL case, these elements are also determined by the angle θk, the uncon-
ventional magnetic direction θJ , the left/right handed polarization defined by η, while for LPL
they are determined by θk, the real space polarization direction φA, and θJ . The momentum-
dependent light-matter interactions, σαd kAk, appear with a linear dependence in momentum
k and in the magnetic strength αd , which behaves as the Rashba spin-orbit coupling or the
p-wave magnet field. Moreover, the momentum-independent terms, σαd k2

A, clearly behave
as a Zeeman-like (s-wave-magnet-like) effect. We remark that without the drive or altermag-
netism, i.e., kA = 0 or αd = 0, these momentum-dependent and momentum-independent
contributions vanish, which clearly demonstrates that they originate from the interplay be-
tween light and altermagnetism. In the case of p-wave magnets, the result of coupling them

10
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to the light drive only gives rise to a Zeeman-like effect proportional to σ2αpkA [the second
line of Eq. (18) and (19)], which occurs due to the linear dependence of momentum in the
static p-wave magnet Such a light-matter effect is also considered to be non-trivial because
it generates a momentum-independent effect related to the unconventional p-wave field and
the light amplitude, which is also determined by θJ , η or φA. As a result, in both p- and
d-wave unconventional magnets, the application of a light drive induces a non-trivial light-
matter interaction. It is worth noting that, due the choice of the Néel vector along z axis,
the light induced terms preserve the spin direction, but our results above can be easily gen-
eralized for any direction [93, 196] or perhaps using a more realistic modelling that involves
sublattices [6, 17, 18, 48]. A consequence of modifying the spin texture in momentum space
by light could introduce rotating fields that promote a spin precession [103], thus enriching
the emergent physics.

We close this part by stressing that light drives induce non-trivial light-matter interactions
in unconventional magnets. These interactions are governed by the Fermi surface symmetry
of the underlying unconventional magnet, as well as by the specific properties of the driv-
ing field. Similar effects are also observed in unconventional magnets with higher angular
momentum, characterized here by q > 2; see App. A. Driven unconventional magnets thus
offer an interesting platform for exploring light-induced spin-dependent phenomena, which,
in combination with other phases such as superconductivity, can further lead to states that are
absent in equilibrium.

3.2 Driven unconventional magnets with conventional superconductivity

As in the previous subsection, we derive the time-dependent Hamiltonian for d-wave and p-
wave unconventional magnets with conventional superconductivity by incorporating the light
drives via Peierls substitution in Eqs. (7). We obtain

Hνj,β(k, t) =Hνj (k) +Vνj,β(t) , (21)

j = {p, d} denotes the type of unconventional magnet, Hνj (k) is the static Hamiltonian for an
unconventional magnet with superconductivity given by Eqs. (7), and Vνj,β(t) characterizes the
light-induced effect due to the drive denoted by β = {LPL, CPL}. Here, for d-wave magnets
with conventional superconductivity under CPL and LPL, we obtain Vνj,β(t) given by

Vνd,CPL (t) = 2BkAk cos (θk −ηΩt)τ0

+2ναd kAk cos (θk − 2θJ +ηΩt)τz (22)

+ναd k2
A cos (2θJ − 2ηΩt)τ0,

Vνd,LPL (t) = 2BkAk cos (θk −ηΩt)τ0

+2ναd kAk cos (θk − 2θJ +ηΩt)τz (23)

+ναd k2
A cos (2θJ − 2ηΩt)τ0 .

Similarly, for p-wave magnets with superconductivity under CPL and LPL, respectively, we
obtain

Vνp,CPL (t) = 2BkAk cos (θk −ηΩt)τ0 + Bk2
Aτz (24)

+ν2αpkA cos (θJ −ηΩt)τz ,

Vνp,LPL (t) = 2BkAk cos (θk −φA) cosΩtτ0 + Bk2
A cos2Ωtτz

+2ναpkA cos
�

θp −φA

�

cosΩtτz , (25)

At this point, we remark that Eqs. (21)-(25) acquire the same contributions, with the same
parameters, as Eq. (15)-(19), including including both trivial and non-trivial light-matter
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interactions in relation to BkAτ0 and ναd,pkA, respectively. Nevertheless, Eqs. (21)-(25) unveil
interesting properties in relation to superconductivity. A key effect is that the non-trivial light-
matter interactions have different effects on quasielectrons and quasiholes, which is evident
by noting the appearance of the Pauli τz matrix since it is in Nambu electron-hole space. This
effect appears, for instance, in the momentum-dependent term of the d-wave case proportional
to 2ναd kAkτz , see the second line of Eqs. (22) and (23)]; this term provides a p-wave-like spin-
momentum coupling as we discussed in the previous subsection. Moreover, in the p-wave case,
only the momentum-independent term, proportional to 2ναpkAτz develops the opposite light-
induced effect on quasielectrons and quasiholes, see the second lines of Eqs. (24) and (25).
The features thus suggest a very likely impact on the emergent superconducting properties,
such as on the spin-triplet densitity and Cooper pair symmetries, of driven unconventional
magnets with conventional superconductivity.

3.3 Floquet description

To further investigate the interplay effect of the time-periodic drive on unconventional mag-
netism, we employ Floquet theory by mapping the time-dependent system into a time-independent
representation in extended frequency (Floquet) space. Floquet theory exploits the periodicity
introduced by the time-periodic drives. Thus, since the time-periodic Hamiltonian in Eqs. (15)
and (21) are periodic in time, Hσq (k, t) = Hσq (k, t+T )with period T = 2π/Ω, the correspond-
ing solutions of the time-dependent Schrödinger equation

iħh∂tΨ(k, t) = Hσq (k, t)Ψ(k, t), (26)

are written as
Ψ(k, t) = e−iεt/ħhΦ(k, t), (27)

where ε is the quasienergy and Φ(k, t) = Φ(k, t + T ) is the time-periodic Floquet mode
[102, 197–199]. Substituting into the Schrödinger equation, the Floquet state satisfies the
eigenvalue equation

�

Hσq (k, t)− iħh∂t

�

Φ(k, t) = εΦ(k, t). (28)

We now use the periodicity of Φ(k, t) and expand it in Fourier series as

Φ(k, t) =
∑

n

e−inΩtΦn(k) . (29)

The same is done for the Hamiltonian Hσq (k, t). Then, the problem becomes an eigenvalue
matrix equation in Floquet space,

HσF (k)Φ(k) = εΦ(k), (30)

where Φ(k) = (· · · ,Φσ−1,Φσ0 ,Φσ+1, · · · )T is a vector of Floquet modes, while HσF (k) is the Floquet
Hamiltonian and given by

HσF (k) =































. . . . . . . . . . . . . . . . . . . . .

. . . Hσ0 + 2ħhΩ Hσ+1 Hσ+2
. . . . . . . . .

. . . Hσ−1 Hσ0 +ħhΩ Hσ+1 Hσ+2
. . . . . .

. . . Hσ−2 Hσ−1 Hσ0 Hσ+1 Hσ+2
. . .

. . . . . . Hσ−2 Hσ−1 Hσ0 −ħhΩ H+1
. . .

. . . . . . . . . Hσ−2 Hσ−1 Hσ0 − 2ħhΩ
. . .

. . . . . . . . . . . . . . . . . . . . .































. (31)
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We see that the Floquet Hamiltonian HσF (k) has infinite dimension, with time-independent
components akin to a tight-binding lattice in frequency space. Here, the matrix elements are
defined as

Hq,σ
n (k) =

1
T

∫ T

0

d t Hσq (k, t) einΩt , (32)

describe processes involving absorption (n > 0) or emission (n < 0) of |n| photons, coupling
Floquet states Φm to Φm+n [197] and Hq,σ

−n (k) are obtained through Hq,σ
−n (k) = [H

q,σ
n (k)]†. The

diagonal elements of HσF (k) are shifted by nħhΩ and are coupled by the drive via the emission
and absorption of one (two) photons.

The Floquet approach discussed above applies to unconventional magnets without and
with superconductivity, whose Floquet Hamiltonian we denote, respectively, as Hq,σ

F (k) and
Hq,ν

F (k). In the following, we detail the explicit forms of the Floquet components Hq,σ
n,β (k) and

Hq,ν
n,β(k) under light drives denoted by β = {CPL, LPL}, focusing specifically on d-wave and p-

wave unconventional magnets without and with superconductivity. For d-wave altermagnets
in the normal state, we find that the elements of the Floquet Hamiltonian are given by

Hd,σ
0,β =

¨

Hσd (k) + Bk2
A , for β = CPL ,

Hσd (k) +
1
2 k2

A [B +σαd cos(2θJ − 2φA)] , for β = LPL ,

Hd,σ
+1,β = kAk×

¨

Beiθk +σαd ei(2θJ−θk) , for β = CPL,

B cos (θk −φA) +σαd cos (θk − 2θJ +φA) , for β = LPL,

Hd,σ
+2,β =

1
4

k2
A ×

¨

σ2αd e2iθJ , for β = CPL,

B +σαd cos (2θJ − 2φA) , for β = LPL,

(33)

while for p-wave normal state magnets we obtain

H p,σ
0,β =

¨

Hσp (k) + Bk2
A , for β = CPL ,

Hσp (k) + Bk2
A/2 , for β = LPL ,

H p,σ
+1,β = kA×

¨

kBeiθk +σαpeiθJ , for β = CPL,

B cos (θk −φA) +σαp cos (θJ −φA) , for β = LPL,

H p,σ
+2,β = kA×

¨

0, for β = CPL,

Bk2
A/4, for β = LPL.

(34)

For d-wave altermagnets with conventional superconductivity, we obtain

Hd,ν
0,β =

¨

Hνd(k) + Bk2
Aτz , for β = CPL ,

Hνd(k) +
1
2 k2

A [Bτz + ναd cos(2θJ − 2φA)τ0] , for β = LPL

Hd,ν
+1,β = kAk×

¨

Beiθkτ0 + ναd ei(2θJ−θk)τz , for β = CPL ,

B cos (θk −φA)τ0 + ναd cos (θk − 2θJ +φA)τz , for β = LPL

Hd,ν
+2 =

1
4

k2
A ×

¨

ν2αd e2iθJτ0 , for β = CPL ,

Bτz + ναd cos (2θJ − 2φA)τ0 , for β = LPL ,

(35)
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and, for p-wave magnets with conventional superconductivity, we find,

Hp,ν
0,β =

¨

Hνp(k) + Bk2
Aτz , for β = CPL ,

Hνp(k) + Bk2
A/2τz , for β = LPL,

Hp,ν
+1,β = kA×

¨

kBeiθkτ0 + ναpeiθJτ0 , for β = CPL ,

kB cos (θk −φA)τ0 + ναp cos (θJ −φA)τ0 , for β = LPL,

Hp,ν
+2 =

¨

0, for β = CPL,

Bk2
A/4τz , for β = LPL.

(36)

We remind that Hd,σ
−1(−2),β and Hp,σ

−1(−2),β are obtained through Hd,σ
−n (k) = [H

d,σ
n (k)]† and

Hp,σ
−n (k) = [H

p,σ
n (k)]†, respectively.

Before going further, it is useful to stress some properties of the Floquet elements given
Eqs. (33)-(36). While H j,σ

0,β and H j,ν
0,β involve zero photon processes, H j,σ

+1(+2),β and H j,ν
+1(+2),β

involve one (two) photon processes. These elements exhibit a rich functionality depending on
the type of drive and unconventional magnet. In the case of n= 0 Floquet terms, we first note
that there appears a uniform chemical potential shift given by Bk2

A under CPL and Bk2
A/2 under

LPL of the normal and superconducting regimes, see H j,σ
0,β and H j,ν

0,β in Eqs. (33)-(36). This is
often referred to as the self-doping effect [197], which originates from the light-induced renor-
malization of the kinetic energy and is hence considered to be trivial. Another feature of the
n= 0 Floquet terms is that the LPL drive induces an effective Zeeman-like field in the normal
state of d-wave altermagnets, which is, however, absent in p-wave magnets; see e.g., Hd,σ

0,β
for β = LPL in Eqs. (33) and Eqs. (34). These Zeeman-like fields characterize momentum-
independent spin splittings arising from the interplay among the light intensity k2

A, the d-wave
altermagnetic strength αd , and the angular mismatch between the magnetic orientation θJ
and the polarization angle φA. This emergent spin-dependent field is finite only when the po-
larization direction deviates from the spin-degenerate axes, i.e., when φA− θJ ̸= (2n+ 1)π/4
for n ∈ Z. This unveils that, while d-wave altermagnets intrinsically have zero net magnetiza-
tion, light is able to induce a Zeeman-like field that is likely to affect the magnetization and is
sensitive to αd and θJ . This effect could have an interesting consequence as it offers a way to
probe the underlying d-wave altermagnetic order and provides a practical route to probe its
strength and orientation [57]. We have also verified that similar Zeeman-like fields appear in
unconventional magnets with higher angular momentum, see App. A for a detailed discussion.

For the terms involving one photon n = +1, the d-wave systems without and with super-
conductivity develop linearly momentum-dependent terms inherited from the time-dependent
Hamiltonian. This enables a photon-induced p-wave-like field by combining d-wave altermag-
netism and light by absorbing or emitting one photon. In the LPL case, this p-wave-like term
depends on the angle between the d-wave magnet orientation θJ and the linearly polarized
direction φA, which provides a tuning knob to control the single-photon process. In relation
to the one-photon terms (n = +1) in the driven p-wave case, momentum-independent con-
tributions emerge without and with superconductivity, see H p,σ

+1,β and Hp,ν
+1,β in Eqs. (33)-(36).

Similar to d-wave systems under LPL, the H p,σ
+1,LP L and Hp,ν

+1,LP L in driven p-wave magnets are
determined by the direction between the p-wave orientation θJ and the linear polarization φA.
When it comes to two-photon processes, effects combining driving field and magnetism only
appear in d-wave altermagnets, see the n= 2 sectors in Eqs. (33)-(36).

Moreover, all Floquet components with |n| ≥ 3 vanish in driven d- and p-wave unconven-
tional magnets, which is a direct consequence of the momentum order q of the static Hamil-
tonian. In a system where the static Hamiltonian contains terms up to order kq, the Peierls
substitution modifies the canonical momentum as k → k + e/ħhA(t), resulting in an expansion
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of the form
∑q

n=0 kq−nkn
A. This expansion inherently restricts the light-matter interaction terms

to powers kn
A with n = 0, 1, . . . , q, as the requirement q − n ≥ 0 must be satisfied. Since the

Floquet components Hσn (k) and Hσn (k) encode processes involving the absorption or emission
of n photons, only harmonics up to order n ≤ q appear in the driven system. Consequently,
all higher-order photon processes with |n| > q are strictly forbidden (see App. A), as the
corresponding powers of kA are absent in the expansion of the light–matter interaction [161].

We close this section by noting that Floquet theory offers a useful ground to study the effect
of time-periodic light drives on unconventional magnets, where the inherent interplay between
light and unconventional magnetism is fully captured. With this at hand, we are ready to
explore how light affects the spin density and superconducting correlations in unconventional
magnets.

4 Light-induced Floquet spin-triplet density in the normal state

We now use the Floquet Hamiltonian [Eq. (31)] discussed in the previous section and inspect
the emergence of spin-triplet density in driven unconventional magnets without superconduc-
tivity. We obtain the Floquet spin-triplet density along z as

SF,z(ω, k) = −
1
π

ImTr[σzGF (ω+ i0+, k)] , (37)

where
GF (z, k) = [z −HF (k)]

−1 , (38)

is the Floquet Green’s function associated to the Floquet Hamiltonian HF = diag(H+F , H−F ), with
H+F defined in Eq. (31) with z =ω+i0+ andσz is the thrid Pauli matrix in Floquet space. Using
the Floquet components in Sec. 3.3, the Floquet spin density SF,z(ω, k) is obtained in driven
unconventional magnets.

To visualize the Floquet spin-triplet density, in Fig. 3 we plot SF,z(ω, k) as a function of kx
and ky for dx2−y2-wave altermagnets and px -wave magnets under CPL and LPL. In the case
of d-wave altermagnets [Fig. 3(a,c)] under CPL and LPL, SF,z(ω, k) develops large values over
a series of concentric vertical and horizontal ellipses with positive and negative spin density
values, respectively. In the case of px -wave magnets, the spin-triplet density forms a series of
circles shifted to positive and negative kx , acquiring negative and positive spin density values,
respectively; see Fig. 3(b,d). This implies that the vertical and horizontal ellipses (shifted
circles) are spin polarized, akin to what happens with the spin-triplet density in the static
regime of unconventional magnets [Fig. 2]. The series of ellipses (circles) represent Floquet
replicas and arise from the formation of Floquet sidebands, tied to the diagonal elements of
the Floquet Hamiltonian shifted by nΩ [Eq. (31)]. It is important to remark some differences
between CPL- and LPL-driven cases. For instance, for the d-wave altermagnet under LPL, the
size of the ellipses with the negative spin density is larger, while it is smaller for the positive
spin density; this originates from the contribution of the Zeeman-like effect of the light drive,
i.e. σ 1

2 k2
Aαd cos(2θJ − 2φA) in the n = 0 sector Hamiltonian (Hd,σ

0,β ) in Eqs. (33). In contrast
to the d-wave cases, for p-wave magnets under CPL and LPL, the size of the circular spin
densities is the same, see H p,σ

0,β in Eqs. (34). Furthermore, another difference between the
effects of CPL and LPL is that, for the n= 0 Floquet sector of the d- and p-wave unconventional
magnets driven by CPL, the spin density develops finite values within the ellipses and circles,
respectively, unlike the vanishing values for LPL-driven cases. It is also worth noting that
the presence of Floquet replicas leads to a larger number of spin-degenerate nodes due to
additional intersections between opposite-spin Fermi surfaces associated with different Floquet
indices, as indicated by overlaid dashed curves in [Fig. 3(a)]. We remind that, in the static
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Figure 3: (a) Floquet spin density SF,z as a function of momenta for dx2−y2-wave
altermagnets under CPL with η = +1. (b) The same as in (a) but for a px -wave
magnet. (c,d) The same as in (a,b) but under LPL with φA = 0. The black dashed
lines in (a) connect the spin-degenerate nodes between the nth and the mth Floquet
sidebands and δn = n − m [Eq. (42) and (43)]. Parameters: B = 1, αd,p = 0.5,
θJ = 0, µ= 1, Ω/µ= 1, kA/kF = 0.5, and kF =

p

µ/B = 1.

case, the d-wave (p-wave) unconventional magnets host four (two) spin-degenerate nodes in
momentum space, as shown in Fig. 2(b,d).

To understand the origin of spin-degenerate nodes in the Floquet spin-triplet density dis-
cussed above, we consider an effective model involving two arbitrary Floquet sidebands (2FSB)
with opposite spin orientations. The reduced Floquet Hamiltonian in the subspace spanned
by the two sidebands

�

Φσn (k),Φ
−σ
m (k)
�T

is given by

H2FSB ≈
�

Hσ0 (k) + nħhΩ 0
0 H−σ0 (k) +mħhΩ

�

, (39)

where the absence of off-diagonal terms reflects the lack of spin-mixing terms in the unconven-
tional magnets, see Eq. (1). Then, to find the condition for spin degeneracy between Floquet
sidebands (Φσn and Φ−σm ), we set the diagonal to be equal and obtain

σJd,p(k) +σM(kA,φA) + 2δnħhΩ= 0, (40)

where δn= (n−m) and M(kA,φA) is a light-induced Zeeman-like term. M(kA,φA) is defined

16



SciPost Physics Submission

as

M(kA,φA) =

¨

1
2αd k2

A cos(2φA), for LPL-driven d-wave altermagnets,

0, other cases,
(41)

and appears only under LPL in d-wave systems.
For a dx2−y2-wave altermagnet with θJ = 0, Eq. (40) reduces to

σαd(k
2
x − k2

y) +σM(kA,φA) = 2δnħhΩ, (42)

which describes a family of spin-degenerate parabolas in the kx–ky plane, see Figs. 3(a,c).
When M(kA,φA) = 0, as in a d-wave altermagnet under CPL, for δn= 0, the spin degeneracy
occurs along the nodal lines ky = ±kx , serving as asymptotes for these parabolas. By contrast,
for a driven px -wave magnet with θJ = 0, where the magnetic order is linear in momentum,
the degeneracy condition simplifies to

αpkx = −δnħhΩ, (43)

corresponding to a series of equally spaced vertical lines in momentum space, separated by
ħhΩ/αp, see Figs. 3(b,d).

We can thus conclude that unconventional magnets under time-periodic drives acquire
a Floquet spin-triplet density due to Floquet sidebands, exhibiting properties that can help
identify the type of unconventional magnetism. We verified that these results are valid for
strong d-wave altermagnets, see Appendix B.

4.1 Floquet spin-triplet density projected onto the zero-photon subspace

To further investigate the influence of higher-order Floquet components Hσn̸=0(k), it is instruc-
tive to project the Floquet spin density onto the zero-photon states. The projected Floquet spin
density is defined as

S(0)z (ω, k) = −
1
π

ImTr
�

σz P†GF (ω+ i0+)P
�

, (44)

where P = (· · · , 0,Φ0(k), 0, · · · )T is a projector onto the n = 0 Floquet sector, the Green’s
function GF is defined in Eq. (38). This formulation enables us to isolate the contribution of
photon-assisted processes, including absorption and emission, thereby revealing the impact of
inter-sideband coupling encoded in the off-diagonal Floquet terms. The projected spin density
S(0)z (ω, k) for d- and p-wave unconventional magnets under CPL is shown in Fig. 4(a,c). While
qualitatively similar to the full Floquet spin density presented in Fig. 3(a), S(0)z (ω, k) in Fig.
4(a,c) primarily captures contributions from the zeroth-order Floquet sector Hσ0 (k) and it
also possesses information about the coupling between nearest-neighbor and next-nearest-
neighbor sidebands, determined by Hσ±1(k) and Hσ±2(k), respectively. To visualize the effect of
these one- and two-photon absorption/emission processes, we note that S(0)z (ω, k) develops
positive and negative values, which can be interpreted as peaks and dips, respectively. In this
regard, for d-wave altermagnets under CPL, one can estimate the momenta at which the peaks
(S(0)z > 0) and dips (S(0)z < 0) happen: at ky = 0, the peaks/dips happen at

kσx ,n = ±
√

√ ω− nΩ
B +σαd

, (45)

where n = 0,±1,±2 labels the Floquet sidebands and σ = ±; the peak is obtained for σ = +,
while the dip for σ = −. The kσx ,n in Eq. (45) are obtained by solving Hσ0 (k) + nħhΩ = 0 in

Eq. (39). In Fig. 4(b,d), we plot the S(0)z (ω, k) as a function of kA at ky = 0 and kx given
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Figure 4: (a,c) Floquet spin density projected to the zero-photon subspace (S(0)z ) for
dx2−y2-wave altermagnets (a) and px -wave magnets, both under CPL. (b,d) S(0)z as a
function of the driving amplitude kA for the cases shown in (a,b) at ky = 0 and kx
indicated in (a); kx is given by Eq. (45) for (b), while by Eq. (46) for (d). Parameters
as in Fig. 4.

by Eq. (45) for d-wave altermagnets under CPL. As the driving amplitude kA increases, the
weight at kσx ,0 is suppressed in a spin-dependent manner due to the magnetic character of
the two-photon Floquet terms Hσ±2(k). Simultaneously, the peaks at kσx ,±1 become dominant,
overtaking the central peak at strong driving as the effect Hσ±1(k) becomes significant [Fig.
4(b)]. Similar behavior is observed in the CPL-driven p-wave magnet case shown in Figs.
4(c)–(d). In this case, the projected spin density peaks/dips are located at

kσx ,n = ±

√

√ω+µ− nΩ
B

+σαp, (46)

reflecting the linear p-wave dispersion. Unlike the d-wave case, the absence of Hσ±2(k) terms in
the p-wave magnet under light eliminates the spin-dependent suppression, yet the one-photon
Floquet replicas kσx ,±1 still dominate in the strong driving regime, as seen in Fig. 4(d).

Compared to CPL-driven unconventional magnets, LPL introduces anisotropic driving ef-
fects that depend on the polarization direction φA. The peaks and dips of the projected spin
density for ky = 0 occur at

kσx ,n = ±
√

√ω+µ+σM(kA,φA)− nΩ
B +σαd

, (47)

where M(kA,φA) [Eq. (41)] is the effective light-induced Zeeman field introduced by the
LPL drive. In particular, when φA = π/2, the driving field becomes orthogonal to the kx
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axis, resulting in a suppression of Hσ±1 and thereby reducing the sideband-induced features.
This anisotropy is also evident in the LPL-driven p-wave magnet. Although no light-induced
Zeeman field appears in this case, the amplitude of S0,z at kσx ,±1 is modulated as cosφA and
vanishes at φA = π/2, consistent with Hσ±1 ∼ cosφA [Eq. (34)].

In conclusion, the Floquet spin-triplet densities and their zero-photon projections reveal the
roles of different Floquet components. The diagonal components Hσ0 (k) give rise to multiple
spin-degenerate nodes in momentum space, modifying the magnetic structure beyond that of
the static unconventional magnet. Meanwhile, the off-diagonal components Hσn̸=0(k) encode
the photon-assisted processes that dress the quasiparticle states. Both the Floquet spin-triplet
density and its projection to the zero-photon subspace unveil properties of the underlying
unconventional magnet. We have also verified that the same is true for the spin-triplet density
in driven unconventional magnets with conventional superconductivity and a d-wave magnet
with a strong exchange field, see Appendix B.

5 Light-induced Floquet spin-triplet Cooper pairs

In this part, we inspect the Floquet BdG spectrum and the emergence of spin-triplet Cooper
pairs in unconventional magnets with spin-singlet s-wave superconductivity subjected to time-
periodic drives.

5.1 Floquet BdG spectrum

To obtain the Floquet BdG spectrum, we diagonalize the Floquet Hamiltonian HνF (k) discussed
in Sec. 3.3 and given by Eq. (31), whose matrix elements are given by Eqs. (35) and (36) for
d- and p-wave unconventional magnets. In Fig. 5(a,b), we present the Floquet BdG spectrum
as a function of kx for d- and p-wave unconventional magnets with spin-singlet s-wave super-
conductivity under CPL. Compared with the static regime in Fig. 2(e,g), the Floquet spectra
in Fig. 5(a,b) support multiple bands which then hybridize and develop gaps. This originates
from the fact that Bogoliubov quasiparticles are composed of electrons in the n-photon state
pairing with holes in the m-photon states mediated by absorption or emission of |n−m| pho-
tons.

To better understand the induced gaps between Floquet sidebands, we consider an effec-
tive model involving two sidebands in Nambu space

�

Φνn (k) ,Φ
−ν,†
m (k)
�T

. The two Floquet
sideband model (2FSB) is given by

H2FSB ≈
�

Hνq (k) + nħhΩ ∆νn,m
∆ν,†

n,m −[H−νq (−k)]∗ +mħhΩ

�

, (48)

where the index ν = + (ν = −). Given by basis of Eq. (48), it describes Bogoliubov quasi-
particles formed by spin-up (spin-down) electrons in the nth Floquet sideband and spin-down
(spin-up) holes in the mth Floquet sideband by emitting/absorbing |n−m| photons. Moreover,
∆n,m in Eq. (48) characterizes the multiple superconducting gaps between Floquet sidebands,
in addition to the static pair potential 2∆0,0 =∆. We observe that gaps between Floquet bands
(∆n,m) decay with increasing photon number difference |n−m|, consistent with the perturba-
tive nature of higher-order Floquet processes. The behavior of the multiple gaps can be seen
in Fig. 5(a) for a dx2−y2-wave altermagnet with conventional superconductivity under CPL.
By equating the quasielectron and quasihole bands in the n- and m-photon sectors from the
diagonal terms in Eq. (48), respectively, the momenta at which the gap opens can be found.
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Figure 5: (a) Floquet BdG spectrum of a CPL-driven dx2−y2-wave magnet with s-wave
superconductivity with η= +1 and θJ = 0. The centers of the superconducting gaps,
defined by Eq. (50), are marked by blue and red circles corresponding to ν = + and
ν= −, respectively. (b) Floquet BdG spectrum of a CPL-driven px -wave magnet with
s-wave superconductivity. Thin gray solid (dashed) lines represent electron (hole)
branches. In both panels, the driving amplitude is akA = 0.5 and the photon energy
is ħhΩ= 1. All other magnetic and superconducting parameters are identical to those
used in Fig. 2.

In particular, for ky = 0, the induced gaps open at

kx ,δn = ±

√

√µ− (δn)ħhΩ/2
B

, (49)

with δn = n−m. The energy at these intersection points defines the gap center energies at
ky = 0,

Eνc,n,δn = (B + ναd)k
2
x ,δn −µ+ nħhΩ, (50)

which are spin-dependent due to the unconventional magnetic term αd . At this point, it is
also worth noting that, in the LPL-driven case, we verified that the gap centers acquire ad-
ditional spin-dependent shifts via the effective Zeeman-like field M(kA,φA) as a result of the
light–matter interaction [Eq. (40)]. For dx y -wave altermagnets with θJ = π/4, the unconven-
tional magnetic field vanishes along the kx axis [see Eq. (4)]. This results in a spin-degenerate
Floquet BdG spectrum in the E–kx plane, which is similar to the driven s-wave superconduc-
tors [161]. Thus, the spin dependence in Eq. (50) vanishes and the multiple band gaps are
symmetrically located around energies E = (n+m)ħhΩ/2, governed purely by the photon en-
ergy difference between two paired Floquet sidebands, which can be obtained from Eqs. (50)
with αd = 0.

In the CPL-driven px -wave magnet with conventional superconductivity, multiple super-
conducting gaps also emerge in the Floquet BdG spectrum, as shown in Fig. 5(b). Unlike
the d-wave case, the center of each superconducting gap appears at energy E = δnħhΩ, where
δn= n−m denotes the difference in photon numbers between paired electron and hole states.
However, the gap-opening momenta are spin-split and, for ky = 0, are located at

kνx ,δn = −ν
αp

B
+

√

√�αp

B

�2
+
µ− (δn)ħhΩ

B
, (51)

where ν= ± denotes the spin orientation and the shift originates fromαp. For py -wave magnet
with θJ = π, the magnetic effect vanishes in E–kx plane [see Eq. (4)], which results in a spin-
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degenerate Floquet BdG spectrum similar to the driven s-wave superconductor [161] and dx y -
wave altermagnets with θJ = π/4 along kx mentioned above. Thus, the spin-dependence of
the gap-opening momenta vanishes, which can be obtained from Eq. (51) with αp = 0. We
also verified that the effect of the multiple superconducting gaps in the CPL-driven p-wave
magnet is maintained in the LPL-driven cases, since the interpretation of these gaps is related
to the n = 0 sector of the Floquet Hamiltonian [Eqs. (36)], which is shared by both the CPL
and LPL cases except for the shift chemical potential.

We thus conclude this part by noting that Floquet unconventional magnets with conven-
tional superconductivity develop a Floquet spectrum with gaps due to photon-assisted coupling
between quasielectron and quasihole states in different Floquet sidebands. This situation thus
suggests the emergence of superconducting correlations between Floquet sidebands, which we
address in the next subsection.

5.2 Floquet Cooper pairs

We now focus on the formation of Cooper pairs between Floquet sidebands in Floquet uncon-
ventional magnets with spin-singlet s-wave superconductivity modelled by Eq. (31) in Sec. 3.3.
For this purpose, we characterize Cooper pairs by using the anomalous Green’s function, which
is obtained from the electron-hole component of the total Floquet Green’s function in Nambu
space associated with the Floquet Hamiltonian [Eq. (31)].

For a pedagogical purpose, we start by defining the anomalous Green’s function [169,170,
173],

Fσ1,σ2(k1, k2; t1, t2) = −i



T̂ Ck1,σ1
(t1)Ck2,σ2

(t2)
�

, (52)

where T̂ denotes the time-ordering operator, and Ck,σ(t) is the annihilation operator for an
electron with momentum k and spin σ at time t. Since the paired quasiparticles are fermions,
Fermi-Dirac statistics imposes the following antisymmetry condition [94,174,175],

Fσ1,σ2(k1, k2; t1, t2) = −Fσ2,σ1(k2, k1; t2, t1). (53)

which is the key to the emergence of distinct superconducting symmetries. Since the systems
we are interested in are periodic in time, in what follows, we would like to exploit such time-
periodicity within the Floquet framework. In this regard, we expand the anomalous Green’s
function as [161,200]

Fσ1,σ2(k1, k2; t1, t2) =
∑

n,m

∫ Ω/2

−Ω/2

dω
2π

Fσ1,σ2
n,m (k1, k2;ω) e−i(ω+nΩ)t1 ei(ω+mΩ)t2 , (54)

where ω ∈ [−Ω/2,Ω/2], Ω is the frequency of the drive, and Fσ1,σ2
n,m represent the Floquet

pair amplitudes between electrons in the nth and mth sidebands by the absorption/emission of
|n−m| photons. The antisymmetry condition [Eq. (53)], combined with the Floquet expansion
[Eq. (54)], imposes the constraint for Floquet pair amplitudes given by

Fσ1,σ2
n,m (k1, k2;ω) = −Fσ2,σ1

−m,−n(k2, k1;−ω), (55)

after a total exchange of Floquet indices (n, m)↔ (−m,−n), spins σ1 ↔ σ2, momentum
k1 ↔ k2, and frequency ω ↔ −ω. This generalized antisymmetry condition allows the
appearance of eight distinct classes of Floquet Cooper pairs, comprising four spin-singlet and
four spin-triplet types, thus broadening the symmetries of superconducting correlations in
Floquet systems [161].

In the BdG formalism employed here [Eq. (8)], we simplify notation by introducing the
index ν to denote the spin configuration of Cooper pairs, rather than explicitly writing (σ1,σ2).
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Specifically, ν = + (−) labels spin-up (spin-down) electrons paired with spin-down (spin-up)
holes. As noted at the beginning of this subsection, the Floquet pair amplitudes are encoded in
the anomalous components of the Floquet Green’s function in Nambu space, associated with
the Floquet BdG Hamiltonian via [161]. More precisely, the Floquet Nambu Green’s function
is obtained as

ĜνF (ω, k) =
�

ω−HνF (k)
�−1
=

�

GνF (ω, k) Fν(ω, k)

F̄ν(ω, k) ḠνF (ω, k)

�

, (56)

where GνF and ḠνF are the normal (electron-electron and hole-hole) Green’s functions, while
Fν and F̄ν denote the anomalous (electron-hole and hole-electron) components. The Floquet
pair amplitudes Fνn,m(ω, k) correspond to the (n, m) Fourier components of the anomalous
block Fν(ω, k). As noted above, the symmetry of the Floquet pair amplitudes gives the type
of the Cooper pairs, which requires identifying symmetry classes fulfilling the antisymmetry
condition under the total exchange of the quantum numbers of the paired electrons. Under
the exchange of Floquet indices, we find

Fν,±
n,m(ω, k) =

1
2

�

Fνn,m(ω, k)± Fν−m,−n(ω, k)
�

, (57)

where the transformation (n, m)↔ (−m,−n) reflects the exchange symmetry between the
two Floquet indices [161]. Below, we refer to Fν,+

n,m and Fν,−
n,m as even-Floquet and odd-Floquet,

respectively. To separate spin symmetry, we further classify spin-singlet and spin-triplet pair
amplitudes as [189]

F s,±
n,m(ω, k) =

1
2

�

Fν,±
n,m(ω, k)− F−ν,±

n,m (ω, k)
�

, (58)

F t,±
n,m(ω, k) =

1
2

�

Fν,±
n,m(ω, k) + F−ν,±

n,m (ω, k)
�

, (59)

where F s,+
n,m (F s,−

n,m) correspond to spin-singlet even-Floquet (odd-Floquet) components, while
F t,+

n,m (F t,−
n,m) denote spin-triplet even-Floquet (odd-Floquet) pairings. Similarly, we can decom-

pose the symmetry in frequency and momentum, where the Floquet pair amplitudes can be
even/odd under the individual exchange of frequency and momentum. Thus, this decompo-
sition enables a systematic analysis of all Cooper pair symmetry classes in time-periodically
driven d- and p-wave unconventional magnets with conventional superconductivity. By ana-
lyzing the Floquet pair amplitudes, we identify eight distinct classes of Floquet Cooper pairs
that fulfill the antisymmetry condition given by Eq. (55) under the exchange of spins, Floquet
indices, frequency, and momentum. These Floquet pair symmetry classes are summarized in
Table 1.

More specifically, we define the amplitude for each pair symmetry class (C) by summing
the corresponding Floquet components, where pairing occurs between electrons residing in
the same Floquet band or between Floquet bands; the processes happen by the emission and
absorption of an even/odd number of photons. Taking this into account, for an even number
of photons processes, the pair amplitudes are described by F s/t,±

n,n+2m; the m= 0 case represents
intra-sideband pairing while m ̸= 0 corresponds to inter-sideband pairing, both involving an
even number of photons. Similarly, for odd-number photon processes, the pair amplitudes
between Floquet bands are given by F s/t,±

n,n+2m+1, where only inter-sideband pairing is involved.
Therefore, there exist two types of Floquet pair amplitudes that become relevant, namely,
F s/t,±

n,n+2m and F s/t,±
n,n+2m+1. While F s/t,±

n,n+2m represents pairing between electrons in the nth and

(n+2m)th Floquet sidebands, F s/t,±
n,n+2m+1 characterizes the pairing between nth and (n+2m+1)th

sidebands. As already mentioned above, these Floquet pairings characterize the emergence of
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Table 1: Pair symmetry classes of the Floquet pair amplitudes in d-wave (p-wave) un-
conventional magnets with spin-singlet s-wave superconductivity under light drives.
Both d- and p-wave systems host identical classification for the spin-singlet classes
(1–4), but the spin-triplet classes (5–8) switch depending on the momentum par-
ity of the underlying unconventional magnetism. The symmetries related to d-wave
(p-wave) unconventional magnets are also valid for higher angular momentum even-
parity (odd-parity) unconventional magnets.

Floquet
Components

Spin
σ1↔ σ2

Floquet
(n, m)↔ (−m,−n)

Frequency
ω↔−ω

Momentum
k1↔ k2

Class

F s,+
n,n+2m Singlet Even Even Even 1

F s,+
n,n+2m+1 Singlet Even Odd Odd 2

F s,−
n,n+2m (m ̸= 0) Singlet Odd Odd Even 3

F s,−
n,n+2m+1 Singlet Odd Even Odd 4

F t,+
n,n+2m Triplet Even Odd (Even) Even (Odd) 5 (6)

F t,+
n,n+2m+1 Triplet Even Even (Odd) Odd (Even) 6 (5)

F t,−
n,n+2m (m ̸= 0) Triplet Odd Even (Odd) Even (Odd) 7 (8)

F t,−
n,n+2m+1 Triplet Odd Odd (Even) Odd (Even) 8 (7)

Floquet Cooper pairs via the absorption or emission of |2m| and |2m+1| photons, which corre-
spond to an even and odd number of photons, respectively. Since the Floquet pair amplitudes
(F s/t,±

n,n+2m and F s/t,±
n,n+2m+1) determine the type of Floquet pair symmetry classes, below we write

them all for unconventional magnets with conventional superconductors. For d- and p-wave
magnets, we obtain four spin-singlet classes given by

F s, j
C1 =
∑

n,m

F s,+
n,n+2m = F s,+

0Ω + F s,+
2Ω + · · · ,

F s, j
C2 =
∑

n,m

F s,+
n,n+2m+1 = F s,+

1Ω + F s,+
3Ω + · · · ,

F s, j
C3 =
∑

n,m

F s,−
n,n+2m = F s,−

0Ω + F s,−
2Ω + · · · ,

F s, j
C4 =
∑

n,m

F s,−
n,n+2m+1 = F s,−

1Ω + F s,−
3Ω + · · · ,

(60)

where j = {d, p} and the employed Floquet components are assumed to correspond to each
type of unconventional magnet, although for simplicity we do not explicitly write the j index
in the Floquet components. Note that the Floquet pair amplitudes after the second equality
are written as F s,±

|2m|Ω and F s,±
|2m+1|Ω, where the subscript index labels the difference between the

two Floquet indices in F s,±
n,n+2m and F s,±

n,n+2m+1, respectively. This way helps us understand the
even/odd number of photons involved in the emergence of the distinct Floquet pair symmetry
classes.
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For the d-wave altermagnets, we find four spin-triplet classes given by

F t,d
C5 =
∑

n,m

F t,+
n,n+2m = F t,+

0Ω + F t,+
2Ω + · · · ,

F t,d
C6 =
∑

n,m

F t,+
n,n+2m+1 = F t,+

1Ω + F t,+
3Ω + · · · ,

F t,d
C7 =
∑

n,m

F t,−
n,n+2m = F t,−

0Ω + F t,−
2Ω + · · · ,

F t,d
C8 =
∑

n,m

F t,−
n,n+2m+1 = F t,−

1Ω + F t,−
3Ω + · · · ,

(61)

and also four spin-triplet classes for p-wave magnets given by

F t,p
C5 =
∑

n,m

F t,+
n,n+2m+1 = F t,+

1Ω + F t,+
3Ω + · · · ,

F t,p
C6 =
∑

n,m

F t,+
n,n+2m = F t,+

0Ω + F t,+
2Ω + · · · ,

F t,p
C7 =
∑

n,m

F t,−
n,n+2m+1 = F t,−

1Ω + F t,−
3Ω + · · · ,

F t,p
C8 =
∑

n,m

F t,−
n,n+2m = F t,−

0Ω + F t,−
2Ω + · · · .

(62)

Thus, F s, j
C1,C3, F t,d

C5,C7, and F t,p
C6,C8 correspond to Floquet Cooper pair amplitudes involving an

even number of photon processes, while F s, j
C2,C4, F t,d

C6,C8, and F t,p
C5,C7 involve an odd number

of photon processes. Depending on the momentum parity, the frequency symmetry might
differ in d- and p-wave magnets, see Table 1. Notably, the zero-photon components F s(t),±

0Ω
remain finite even in static systems when the driving is absent. In contrast, the dominant
components for odd-photon processes, such as F s(t),±

1Ω , require at least one photon to facilitate
pairing, triggered by the drive. We therefore conclude that all pair amplitudes involving odd-
photon processes are induced by the driving field, while their even-photon counterparts can
exist even in the absence of periodic driving. The even/odd number of photons involved in the
pair amplitudes also have an effect on the type of spin symmetries they acquire (Table 1). For
instance, the spin-singlet pair amplitudes in p- and d-wave unconventional magnets can be
formed by involving an even (or odd) number of photon processes, see Eqs. (60). In contrast,
to form spin-triplet pair amplitudes, the involved number of photon processes depends on
the type of unconventional magnet, which can lead to Floquet Cooper pairs with different
symmetry classes but using the same photon parity, see Eqs. (61) and (62).

An example of the above discussion is that the even-photon processes induce spin-singlet
pair symmetries that belong to spin-singlet classes 1 and 3 in both driven d- and p-wave mag-
net; but the same even photon parity leads to spin-triplet pairs belonging to classes 5 and 7 in
a driven d-wave altermagnet or classes 6 and 8 in a driven p-wave magnet, see Table 1. This
different classification in spin-triplet Floquet Cooper pairs originates from the contrasting par-
ity of d-wave and p-wave magnetic orders, which, as already anticipated, relates to the parity
of photons involved in forming Cooper pairs. To understand this effect, let us consider the
case with m= 0 as an example, with a schematic diagram shown in Fig. 6. Under general con-
ditions, intra-sideband and inter-sideband Floquet pair amplitudes involve the contribution of
different Floquet bands and therefore involve a different number of photons; these photon-
assisted processes can be formally derived from Dyson’s perturbation expansion [161], but
here we simply use the diagram shown in Fig. 6. For instance, the intra-sideband Floquet pair
amplitude (Fνn,n) can appear due to electrons pairing without undergoing transitions to any
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Figure 6: Illustration of Floquet Cooper pair amplitudes arising from photon-assisted
processes. (a) Even-photon processes involve virtual transitions between Floquet
sidebands that preserve the initial and final sideband indices (Fνn,n), mediated by,
e.g., processes of abosorbing one photon transitting from the nth to (n+1)th Floquet
sideband via H++1, then emitting one jumping back to the nth Floquet sideband via
H−+1. (b) Odd-photon processes involve virtual transitions between neighboring Flo-
quet sidebands, mediated by single-photon processes H±±1, producing off-diagonal
pairing amplitudes such as Fνn,n±1. Blue and red circles with arrows indicate spin-up
and spin-down electrons, respectively. The thin dashed arrows represent photon ab-
sorption or emission, while wavy lines denote the photons. Pair amplitudes Fνn,m with
ν= + (ν= −) characterize Cooper pairs between electrons with spin up (spin down)
and electrons with spin down (spin up) are encircled by green (violet) ellipses.

other sideband, representing a first-order correction that does not involve the emission or ab-
sorption of photons; this process leads to the Floquet Cooper pair indicated the greens ellipse
in Fig. 6. Since light couples differently to d- and p-wave unconventional magnets, the mo-
mentum parity of such Floquet Cooper pairs is necessarily different, which is why there exists
a difference between classes 5 and 7 in a driven d-wave altermagnet and classes 6 and 8 in
p-wave magnets. When nearest-neighbor sidebands come into play, the electron forming the
Cooper pairs can transition onto those sidebands and then return back the n sideband thanks
to Hν±1, thereby emitting and absorbing a photon, respectively; see the blue and red dashed
arrows as well as wiggle yellow arrows in Fig. 6(a). As a result, the Floquet pair amplitude
Fνn,n gets a contribution from these photon-assisted processes whose number is even; for the
next-nearest-neighbor sidebands (and beyond), similar even photon processes occur, but the
number increases. As already noted before, the spin-singlet symmetry stems from the inter-
play between light and the spin-singlet parent superconductor but without any effect due to
unconventional magnets; their existence involving an even number of photons is tied to the
finite value of the Floquet components Hν±1 and Hν±2 in Eqs. (35-36). For this reason, the re-
sulting classification of spin-singlet Floquet pair amplitudes for d- and p-wave unconventional
magnets is identical, see Eqs. (60). For the spin-triplet Floquet pairs, however, unconventional
magnetism is necessary, and the Floquet bands ensure their existence due to Floquet transitions
involving an even number of photons in this case.

A similar discussion can be done for the formation of Floquet pair amplitude due to an odd
number of photon processes, as schematically shown in Fig. 6(b). The finite coupling between
Floquet sidebands gives rise to spin-singlet classes 2 and 4 in both driven unconventional mag-
nets [Eqs. (60)], while to spin triplet classes 6 and 8 in driven d-wave altermagnets [Eqs. (61)]
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and spin-triplet classes 5 and 7 in driven p-wave magnets [Eqs. (62]. However, unlike the even-
photon processes enabling both intra-sideband and inter-sideband Floquet Cooper pairs, only
inter-sideband pairing is allowed in the odd-photon processes. This can be easily understood
by noting that the m= 0 component of the generic Floquet pair amplitude Fνn,n+2m+1, namely,
Fνn,n±1, is formed by pairing electrons from nth and (n ± 1)th Floquet sidebands; this process
involves the absorption or emission of one photon via Hν±1, see the blue and red dashed arrow
and as well as wiggle yellow arrows in Fig. 6(b). This represents a first-order correction of
Dyson’s perturbation expansion [161] that involves the emission or absorption of one single
photon, and gives rise to inter-sideband Floquet Cooper pairs indicated by the green and violet
ellipses in Fig. 6(b). By including more sidebands, a higher odd number of photons processes
participate and contribute to the Floquet pair amplitude Fνn,n+2m+1: allowing for the sideband
n− 1, the pair amplitude Fνn,n+1 acquires the contribution of a pair amplitude involving three
photons, which result from a transition to the sideband n− 1 by emitting one photon assisted
by Hν−1 and then transits to the (n + 1)th Floquet sideband by absorbing two photons via
Hν+2. The resulting pairing involves a total of three photons, which leads to the second-order
correction of Dyson’s perturbation expansion [161]. As a result, the Floquet pair amplitude
Fνn,n±1 gets a contribution from these photon-assisted processes whose number is odd; for the
pairing involving higher sidebands, similar odd photon processes occur, but the odd number
of photons increases. We remark that the Floquet pairs with odd number of photons with
spin-singlet symmetry (classes 2 and 4) result from the interplay between light and the parent
superconductor; while this might seem similar to the even photon case of the previous para-
graph, the odd-photon Floquet pairs do not exist in the static regime since they require at least
one photon to exist. Moreover, the spin-triplet Floquet Cooper pairs due to an odd number of
photons entirely result from the effect of light, unconventional magnetism, and conventional
superconductivity, but, unlike the even-photon pairs, these odd-Floquet pairs do not exist in
the static regime. Their origin comes from the non-trivial light matter interactions, i.e. αd kAk
in Hd,ν

±1 and αpkA in Hp,ν
±1 , see Eqs. (35-36), which demonstrate a distinct momentum parity

inherited from the unconventional magnetism: odd-parity for the driven d-wave magnet but
even-parity for the driven p-wave magnet.This momentum parity, accompanied by the Floquet
indices, frequency, and present spins, results in the symmetry classification of the spin-triplet
Floquet Cooper pairs depending on the type of unconventional magnet, even if the same odd
number of photons is involved.

Thus, the momentum parities inherited from the underlying unconventional magnet, ac-
companied by the Floquet indices, frequency, and present spins, determine the type of emer-
gent Floquet Cooper pair symmetry classes listed in Table 1. Based on this classification, we
conclude that among the eight symmetry classes of Cooper pairs listed in Table 1, two spin-
singlet classes, F s, j

C2(C4), are induced solely by the driving field. Two spin-triplet classes, F t,d
C6(C8)

for the d-wave altermagnet and F t,p
C5(C7) for the p-wave magnet, arise from the interplay be-

tween the drive and the underlying unconventional magnetism. The remaining triplet and
singlet pair symmetry classes for each unconventional magnet are pair correlations that orig-
inate from those in the static regime, see Subsec. 2.2. In the following, we analyze several
specific Floquet Cooper pair amplitudes to characterize (i) Cooper pairs induced by the drive
[Sec. 5.2.1], (ii) identify the role of multi-photon processes [Sec. 5.2.2], and (iii) unveil the
impact of linearly polarized light.

5.2.1 Inspecting the symmetries of Floquet Cooper pairs

As already anticipated above, the eight Floquet Cooper pair symmetries presented in Table 1
exhibit a certain symmetry with respect to the exchange of spins, Floquet indices, frequency,
and momentum. Out of these classes, the interplay of drive and unconventional magnetism
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Figure 7: (a,c,e,g) Real part of Floquet Cooper pair amplitudes (F s,d
C2 and F t,d

C6 ) as a
function of ω and kx in dx2−y2-wave altermagnets with θJ = 0 (a,c) and dx y -wave
magnets with θJ = π/4 (e,g), both under CPL. In (a,e), ky = 0 is fixed, while in (c,g)
ky/kF = 0.5. (b,d,f,h) The same quantity as in (a,c,e,g) but as a function of kx and ky
at fixed frequencyω= 0.5Ω. Black dashed arrows in all panels indicate the evenness
and oddness of the pair amplitudes with respect to frequency and momentum. Other
parameters: B = 1, kF = 1, µ= 1, kA/kF = 0.5, αd = 0.2, and ∆= 1.5∆c .

promotes two classes of spin-singlet Cooper pairs possessing odd parity, which correspond to
classes 2 and 4 in Table 1 and emerge due to an odd number of photon processes. These
two classes are odd (even) functions under the exchange of Floquet indices, which is tied to
the evenness (oddness) under frequency in order to fulfill the antisymmetry condition. The
odd-frequency and odd-parity symmetries of F s,d

C2 are demonstrated in Fig. 7(a,b) for dx2−y2-
wave altermagnet with θJ = 0 under CPL, see arrows in Fig. 7(a,b). The pair symmetry
class F s,d

C2 , with odd-frequency spin-singlet odd-parity, is unexpected in the static case without
breaking translational invariance [174], but here it appears thanks to the additional quantum
number offered by the Floquet sidebands [Eq. (53)]. The same behavior is observed in the
dx y -wave magnet with θJ = π/4 under CPL, as shown in Fig. 7(c,d). We have also verified

the corresponding symmetries of the pair symmetry class F s,d
C4 , which exhibits a spin-singlet

odd-Floquet even-frequency odd-parity symmetry and arises due to an odd number of photon
processes like F s,d

C2 . As for the Floquet pair classes 2 and 4 in p-wave magnets, they possess
the same symmetries as for d-wave altermagnets and their dependences are demonstrated in
Figs. 8(a,b) for px - and py -wave magnets.

In addition to the spin-singlet Cooper pairs, Floquet unconventional magnets also host
four spin-triplet pair symmetry classes, with two classes entirely coming from the interplay
among light, unconventional magnetism, and conventional superconductivity. These emerging
spin-triplet Cooper pairs are characterized by classes 6 and 8 in Table 1 and require an odd
number of photons. These Floquet spin-triplet classes are odd in momentum and develop
even-frequency (class 6) or odd-frequency (class 8) symmetries depending on the symmetry
under exchange of Floquet indices. Similar to spin-triplet Cooper pairs in the static state, these
Floquet spin-triplet pairs originate from the d-wave magnetism [6,54,56]. However, unlike the
static case, the Floquet spin-triplet pairs additionally require odd-photon processes [Eq. (61)],
making their formation entirely due to the interplay among light, d-wave altermagnetism, and
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Figure 8: (a,c,e,g) Real part of the Floquet Cooper pair amplitudes (F s,p
C2 and F t,p

C5 ) as
functions of ω and kx in px -wave magnets with θJ = 0 (a,c) and py -wave magnets
with θJ = π/2 (e,g), both under CPL. In (a,e), ky = 0, while in (c,g) ky/kF = 0.5.
(b,d,f,h) The same quantity as in (a,c,e,g) but as a function of kx and ky at fixed
frequency ω = 0.5Ω. Black dashed arrows in all panels indicate the evenness and
oddness of the pair amplitudes with respect to frequency and momentum. Other
parameters: B = 1, kF = 1, µ= 1, kA/kF = 0.5, αp = 0.2, and ∆= 0.3µ.

conventional superconductivity. Figs. 7(e-h) show the frequency and momentum dependences
of F t,d

C6 for dx2−y2- and dx ,y altermagnets under CPL, which are consistent with Table 1. In the
case of p-wave magnets shown in Fig. 8, we find that the classes 5 and 7 entirely appear due
to the effect of light on p-wave magnets with conventional superconductivity: these classes
exhibit spin-singlet even-Floquet (odd-Floquet), even-frequency (odd-frequency), and even-
parity symmetry. The evenness in parity of the Floquet spin-triplet pairs in p-wave magnets is
opposite to what occurs in driven d-wave altermagnets and also different from the static spin-
triplet pairs in p-wave magnets, which inherently carry odd parity due to the odd parity of
p-wave magnets. Under the light drive, however, the evenness in momentum is compensated
by the symmetry due to the Floquet indices, which also adjusts the frequency dependence in
order to fulfill Fermi-Dirac statistics.

As a result, the spin-triplet Floquet Cooper pair symmetries (classes 6 and 8 for d-wave
and 5 and 7 for p-wave) are intrinsic to the interplay between the time-periodic drive and
the unconventional magnetism with spin-singlet s-wave superconductivity. Overall, this ex-
panded classification demonstrates how periodic driving can unlock novel superconducting
pairing channels, offering new avenues to manipulate and engineer superconducting states in
unconventional magnetic systems.

5.2.2 Photon contribution

We have seen that, depending on the number of photon processes involved in the formation of
Floquet pair amplitudes, the emergent Cooper pairs acquire distinct symmetries. This is better
seen in the pair amplitudes written as F s(t),±

NΩ after the second equality in Eqs. (60)-(62), where
N here labels the number of photons involved in the emergence of Floquet Cooper pairs. By
looking at the Table 1 for d-wave altermagnets, we clearly identify that classes 1, 3, 5, and 7
involve an even number of photons since N = |2m|; an odd number of photons are involved
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Figure 9: (a,b) Magnitude of the Floquet pair symmetry class |F s,d
C1 | and its zero-

photon component F s,+
0Ω as functions ofω and kx for a dx2−y2-wave altermagnet under

CPL at ky = 0. (c) Frequency dependence of the integrated zero-photon component
F̄ s,+

0Ω for different values of the drive amplitudes kA and strengths of the d-wave al-
termagnetic field αd . The arrows in (c) indicate peaks in F̄ s,+

0Ω corresponding to the
superconducting gap edges centered around ω = nΩ. (d,e,f) The same as in (a,b,c)
but for the Floquet pair symmetry class |F t,d

C6 | and its one-photon component F t,+
1Ω . In

(f), a vanishing value of either kA and αd leads to F̄ t,+
1Ω = 0, indicated by the vertical

line. The horizontal dashed lines indicate that F̄ t,+
1Ω is dominant around ω = nΩ/2,

where pairing between neighboring Floquet sidebands occurs. Parameters: same as
in Fig. 7.

for classes 2, 4, 6, and 8 since N = |2m+1|. In the case of p-wave magnets, classes 1, 3, 6, and
8 involve an even number of photons, while classes 2, 4, 5, and 7 require an odd number of
photons, see Table 1. To quantify the contributions of the respective Floquet pair amplitudes
with a certain number of photons, we compare the magnitude of the respective classes with the
contribution coming from the lowest photon process. We focus on two representative classes
in d- and p-wave unconventional magnets: |F s,d

C1 | and |F t,d
C6 | in d-wave altermagnets, while on

|F s,p
C1 | and |F t,p

C5 | in p-wave magnets.

In Fig. 9(a,b), we show |F s,d
C1 | and its zero-photon component |F s,+

0Ω | as functions of fre-

quency ω and momentum kx at ky = 0 in a dx2−y2-wave altermagnet under CPL. Both |F s,d
C1 |

and |F s,+
0Ω | display Floquet replicas due to Floquet sidebands, which imposes a periodicity in

frequency space such that |FC1(ω)| = |FC1(ω + nΩ)|, see also Fig. 7. Both quantities reveal
multiple superconducting gaps arising from coupling between different Floquet sidebands and
exhibit nearly the same intensity, which further suggests the dominant contribution of the zero-
photon pair amplitude (F s,+

0Ω ) to the total Floquet pair class (F s,d
C1 ). This is further supported

by noting that the largest of these induced gaps appears near ω= nΩ, where the zero-photon
contribution dominates. This dominant behavior of F s,+

0Ω arises because it is determined by
Hν0 [Eq. (35) and Eq. (36)], which is related to the static cases, and hence insentive to the
driving, while pairings with higher even number of photons, such as for |F s,+

2Ω |, scale with
higher even powers in kA which then give a tiny contribution at reasonable frequency of the
drive Ω. Further insights on the role of the drive and d-wave altermagnetic strength (αd) can
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Figure 10: (a,b) Magnitude of the Floquet pair symmetry class |F s,p
C1 | and its zero-

photon component F s,+
0Ω as functions ofω and kx for a px -wave magnet under CPL at

ky = 0. (c) Frequency dependence of the integrated zero-photon component F̄ s,+
0Ω for

different values of the drive amplitudes kA and strengths of the d-wave altermagnetic
field αp. The arrows in (c) indicate peaks in F̄ s,+

0Ω corresponding to the superconduct-
ing gap edges centered around ω = nΩ. (d,e,f) The same as in (a,b,c) but for the
Floquet pair symmetry class |F t,p

C5 | and its one-photon component F t,+
1Ω . In (f), a van-

ishing value of either kA and αp leads to F̄ t,+
1Ω = 0, indicated by the vertical line.

The horizontal dashed lines indicate that F̄ t,+
1Ω is dominant around ω= nΩ/2, where

pairing between neighboring Floquet sidebands occurs. Parameters are the same as
in Fig. 7. Parameters: same as in Fig. 8.

be obtained in Fig. 9(c), where we plot the pair amplitude class 1 integrated in momentum
|F̄ s,+

0Ω (ω)|=
∫

dk|F s,+
0Ω (ω)|/(2π)

2 as a function ofω and distinct values of αd . Here, we can see
that the integrated pair amplitude |F̄ s,+

0Ω | is finite without both drive and altermagnetism, but a
nonzero value of them introduces interesting features [Fig. 9(c)]. For instance, |F̄ s,+

0Ω | exhibits
larger values within the first Floquet zone [−Ω/2,Ω/2] and develops symmetric peaks below
and above ω = nΩ. Its existence without d-wave altermagnetism, depicted by gray and blue
curves in Fig. 9(c), is because |F̄ s,+

0Ω | has spin-singlet even-parity symmetry (class 1), which
is the same symmetry of the parent superconductor. Moreover, the nonzero |F̄ s,+

0Ω | without
external driving (kA = 0) also explains the dominant contribution of the zero-photon pair am-
plitude, see gray and red curves in Fig. 9(c). A similar analysis holds for other classes involving
an even number of photons. For instance, Fig. 10(a-c) displays the spin-singlet class 1 |F s,p

C1 |
in a px -wave magnet under a CPL and shows the dominant contribution of its zero-photon
component as well as the appearance of induced gaps between Floquet sidebands.

In relation to the Floquet pair amplitudes due to an odd number of photons, in Figs. 9(d,e)
we show class 6 |F t,d

C6 | and its one-photon component |F t,+
1Ω | as functions ofω and kx at ky = 0.

Unlike the even-photon case in Fig. 9(a), which is distributed across all kx , the odd-photon
Floquet pair magnitudes |F t,d

C6 | and |F t,+
1Ω | develop large intensities around the Fermi points

kx/kF ≈ 1, following a very similar behavior that unveils the dominant contribution of |F t,+
1Ω |,

see Fig. 9(d,e). Integrating this component over momentum yields the quantity |F̄ t,+
1Ω |, shown

in Fig. 9(f) as a function ofω. This integrated pair magnitude reaches maxima nearω= nΩ/2,
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where coupling between the nth and the (n± 1)th Floquet sidebands becomes significant, as
indicated by the horizontal dashed lines in Fig. 9(f). We have also verified that |F t,+

1Ω |, and the

overall class 6 pair magnitude |F t,d
C6 | arise from the interplay between the driving field ampli-

tude kA and the strength of d-wave magnetism αd , becoming finite only when both parame-
ters are nonzero. This is consistent with our argument that spin-triplet, odd-photon-assisted
Cooper pairs require the presence of both the external drive and d-wave magnetic order. In the
case of p-wave magnets, Fig. 10(d-f) shows class 5 |F t,p

C5 | and its dominant contribution from
the lowest one-photon pair amplitude |F t,+

1Ω |, which only exist due to the interplay between
light and p-wave magnetism. A small superconducting gap opens at ω = nΩ/2, originating
from coupling between electrons and holes mediated by the absorption or emission of a single
photon, which leads to strong pair amplitudes; see Fig. 10(d,e) and horizontal dashed line in
Fig. 10(f).

Overall, these results highlight how, depending on the number of photons, emergent Flo-
quet Cooper pairs in driven unconventional magnets develop distinct dependences. Even-
photon processes, such as those contributing to |FC1|, largely preserve the properties of the
static spin-singlet superconducting state and are relatively insensitive to the drive and mag-
netism. In contrast, odd-photon-assisted spin-triplet pairings, such as

�

�F p
C5

�

�, emerge due to
the interplay between the periodic drive and the unconventional magnetic order. These odd-
photon contributions manifest distinct features in both frequency and momentum space, and
their appearance near ω = nΩ/2 underscores the critical role of Floquet sideband mixing in
enabling new pairing channels. Thus, the number of photon fundamentally shapes the sym-
metry and spectral characteristics of Cooper pairs in driven unconventional magnets.

5.2.3 Effects of linearly polarized light

While the Floquet pair symmetries presented in Table 1 are present in unconventional magnets
under CPL and LPL, we have so far explored them under CPL. For this reason, here we would
like to inspect further the effect of LPL. We first start by noting that, under LPL, the elements
of the Floquet Hamiltonian in Eqs. (35) and (36) depend explicitly on the polarization direc-
tion of the LPL field φA. To be more precise, in the zero-photon sector of the driven d-wave
altermagnet with superconductivity (Hd,ν

0 ), an effective Zeeman field is induced and given by
k2

A[ναd cos(2θJ − 2φA)τ0]/2 [Eqs. (35)], which gives rise to a finite spin-triplet density and a
finite spin-triplet Cooper pair amplitude in the high-frequency limit [57]. Moreover, the com-
ponents involving single photons are Hd,ν

+1 = νkAkαd cos (θk − 2θJ +φA)τz , which reflects
that they depend sensitively on the relative orientation between the d-wave order parameter
(θJ) and the LPL polarization direction (φA), see Eqs. (35); these contributions can vanish
along specific momentum directions where θk satisfies θk−2θJ +φA = (2n+ 1)π/2. Further-
more, the two-photon terms are momentum-independent but also modulated by θJ and the
LPL polarization angle φA via νk2

Aαd cos (2θJ − 2φA), see Eqs. (35). Unlike all these d-wave
Floquet components, in p-wave magnets under LPL, the nontrivial light-matter interaction
arises primarily from single-photon processes given by νkAαp cos (θJ −φA) and is momentum-
independent, see Eq. (36). These anisotropic couplings between Floquet sidebands due to the
polarization angle φA are absent in CPL-driven systems, as discussed in Secs. 5.2.1–5.2.2; see
also Figs. 7 and 8.

To visualize a representative Floquet pair amplitude, in Fig. 11(a,b) we show ReF t,d
C6 as

a function of momenta for dx2−y2- and dx y -wave altermagnets under LPL at φA = 0. Here,
ReF d

C6 vanishes whenever the condition θk − 2θJ +φA = (2n+ 1)π/2 is satisfied, indicating
the role of LPL and distinct from what is shown in Fig. 7 for d-wave altermagnets under CPL.
Consequently, in a dx2−y2-wave magnet with θJ = 0 driven by linearly polarized light with po-
larization angleφA = 0 (i.e., polarization along the x-axis), the Cooper pair amplitude vanishes
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Figure 11: Upper panel: (a) and (b): The light-induced spin-triplet, even-Floquet,
even-frequency, odd-momentum Cooper pair amplitude Re[F d

C6] in dx2−y2-wave mag-
nets with θJ = 0 and dx y -wave magnets with θJ = π/4, respectively, driven by lin-
early polarized light with φA = 0. (c) and (d): The light-induced spin-triplet, even-
Floquet, odd-frequency, even-momentum Cooper pair amplitude Re[F p

C5] in px -wave
magnets with θJ = 0 and py -wave magnets with θJ = π/2, respectively, driven by
linearly polarized light with φA = 0. In all cases, the momentum parity is preserved.
Lower panel: The integrated one-photon contribution to the Cooper pair magnitude,
|F̄ t,+

1Ω |, in driven (e) d-wave and (f) p-wave magnets, shown for various values of θJ .
Parameters are the same as in Figs. 7 and 8 for the driven d-wave and p-wave cases,
respectively.

at kx = 0 (corresponding to θk = π/2). In contrast, for a dx y -wave magnet with θJ = π/4,
the Cooper pair amplitude vanishes at ky = 0 (i.e., θk = 0). The competition between the LPL
polarization direction (φA) and the orientation of the unconventional magnetic order (θJ) is
also evident in p-wave magnets under LPL, as demonstrated in Figs. 11(c,d), where we plot
the momentum dependence of ReF p

C5 at θJ = 0 and θJ = π/2 for to px - and py -wave magnets,
respectively. In this case, when the polarization direction is parallel to the p-wave magnetic
orientation, the effect of the drive becomes pronounced but it is minimal when φA and θJ are
perpendicular to each other, leading to a vanishing Cooper pair amplitude ReF p

C5 along the
polarization direction. This relationship between LPL polarization direction and p-wave mag-
netic orientation is embodied in the nontrivial light-matter coupling in Eq. (36), which takes
the form νkAαp cos (θJ −φA), yielding vanishing coupling when θJ −φA = (2n+1)π/2. Thus,
the interplay between magnetic anisotropy and the polarization of the LPL leads to character-
istic angular patterns in the induced Cooper pair amplitudes.

Further insights on the interplay between the LPL polarization direction (φA) and θJ can
be obtained from Figs. 11(e,f), where the classes discussed above but integrated in momentum
and denoted as |F̄ t,d

C6 | and |F̄ t,p
C5 | for d- and p-wave unconventional magnets at distinct θJ . We

see that |F̄ t,d
C6 | is largely insensitive to variations of θJ andφA, which is a result of the integration

since it averages over momenta; see Fig. 11(e) and its y-axis. It is thus challenging to identify
the type of d-wave altermagnetism by measuring the response of |F̄ t,d

C6 | with respect to the LPL
polarization angle φA in low-frequency LPL drives. In the case of p-wave magnets shown in

32



SciPost Physics Submission

Fig. 11(f), the integrated pair amplitude |F̄ t,p
C5 | acquires a more pronounced dependence with

respect to φA and θJ . The momentum-independence of the single-photon processes in the
p-wave magnets under LPL [Eq. (36)] enables the orientation θJ to introduce a phase shift in
|F̄ p

C5| as a function of φA, which follows the relation cos(θJ −φA); this also allows to identify
the orientation angle θJ for low frequency LPL drives. We can thus close this part by stressing
that the response of Floquet-induced Cooper pairs to LPL reveals rich symmetry properties
and provides a way to probe the orientation of unconventional magnetism in superconducting
systems.

6 Conclusions

We have studied the effect of time-periodic light drives on p- and d-wave unconventional mag-
nets with and without spin-singlet s-wave superconductivity. In particular, we have considered
circularly and linearly polarized drives and uncovered a nontrivial light-matter interaction en-
tirely tied to the way light interacts with unconventional magnetism. We then demonstrated
that this nontrivial interaction generates Floquet spin-triplet densities and Floquet spin-triplet
Cooper pairs that do not exist in the static regime and can be used to identify the type of un-
conventional magnetism. Moreover, we found that the emergence of Floquet Cooper pairs, ac-
companied by a Floquet spin-triplet density, is intrinsic to the Floquet sidebands ,which provide
an additional quantum number (the Floquet sideband index) that broadens the classification
of superconducting symmetries into Floquet classes that coexist between different sidebands
through the absorption or emission of photons. Particularly, we identified two spin-singlet Flo-
quet pair classes that arise due to the time-periodic field and conventional superconductivity,
while two types of spin-triplet Floquet Cooper pairs are generated by the combined effect of
unconventional magnetism, conventional superconductivity, and time-periodic driving. As a
result, the classification of the spin-triplet Floquet Cooper pairs highly depends on the distinct
momentum parities inherited from the p- and d-wave unconventional magnets. We further
showed that the distinct Floquet Cooper pairs can be controlled by exploiting the light po-
larization and the orientation of the unconventional magnetic order, offering a direct way to
probe the symmetries of unconventional magnetism. Our findings demonstrate that uncon-
ventional magnets represent a versatile platform for realizing light-induced Cooper pairs by
means of Floquet engineering.
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A Hamiltonian and Floquet components in higher-order-momentum
unconventional magnet

To demonstrate a pedagogic example of the Floquet engineering unconventional magnet, d-
wave and p-wave magnets are considered in the main text, see Eq. (4). Our results about the
multiple spin degenerate nodes, Floquet spin density, and the driving induced Floquet Cooper
pairs can be applied to all kinds of unconventional magnets, whose anisotropic spin split effect
is captured by Eq. (2). For completeness, in this appendix, we present the Floquet components
of all types of unconventional magnets subjected to CPL and LPL. By expanding Eq. (2), the
explicit forms of the unconventional magnetic terms are given as:

J0(k) = αs s-wave

J1(k) = αp(kx cosθJ + ky sinθJ ) p-wave

J2(k) = αd

�

(k2
x − k2

y) cos2θJ + 2kx ky sin2θJ

�

d-wave

J3(k) = α f

�

kx(k2
x − 3k2

y) cos 3θJ + ky(k2
y − 3k2

x) sin 3θJ

�

f -wave

J4(k) = αg

�

(k4
x − 6k2

x k2
y + k4

y) cos4θJ + 4kx ky(k2
x − k2

y) sin 4θJ

�

g-wave

J6(k) = αi

�

(k6
x − 15k4

x k2
y + 15k2

x k4
y − k6

y) cos6θJ

+ 2kx ky(3k4
x − 10k2

x k2
y + 3k4

y) sin6θJ

�

i-wave

(A.1)

Here, J0 corresponds to the conventional Zeeman interaction, while J5 is forbidden due to
the incompatibility of five-fold rotational symmetry with crystalline symmetries in periodic
lattices. The d-wave and p-wave cases are Eq. (4) in the main text.

Further classification within each wave type depends on the orientation of the magnetic
lobes, parameterized by the angle θJ . For example, in the f -wave magnet, the term J3(k)
corresponds to the fx(x2−3y2)-wave configuration when θJ = 0, and to the f y(y2−3x2)-wave
configuration when θJ = π/6.

One can verify that along the momentum directions defined by θk = θq+nπ/q (n ∈ Z), the
unconventional magnetic effect is maximized, resulting in spin-splitting that depends solely on
the radial momentum magnitude asαqkq. In contrast, along directions θk = θq+(2n+1)π/(2q),
the magnetic term vanishes identically, leading to spin-degenerate band structures. These
nodal and anti-nodal structures are directly inherited from the symmetry of the underlying
magnet.

By implementing the Floquet formalism in Eq. (32), the Floquet components of a CPL-
driven unconventional magnet take the following forms:

Hq,σ
0 = Hq + Bk2

A , (A.2)

Hq,σ
+n = BkAeiηθkδn,1 +σαqeηiqθJ

q!
2(q− n)!n!

�

ke−iηθk
�q−n

kn
A , (A.3)

where Hq,σ
0 includes the zero-photon contribution, incorporating a self-doping term Bk2

A that
effectively shifts the chemical potential (which we gauge away in our analysis). The n-photon
Floquet components Hq,σ

±n describe light–matter interaction processes. In particular, all com-
ponents with |n|> 1 are non-trivial and arise from the interplay between the external driving
and the unconventional magnetism, encoding higher-order photon-assisted transitions unique
to these systems. Similar results can be obtained in the superconducting states.
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In the LPL-driven case, the Floquet components become complicated, which are

Hq,σ
0 = Hσq +

1
2

Bk2
A +σαqk2

Amq
0, (A.4)

Hq,σ
+1 = BkAk cos (θk −φA) +σαqkAmq

1, (A.5)

Hq,σ
+2 =

1
4

Bk2
A +σαqk2

Amq
2, (A.6)

Hq,σ
+3 = σαqk3

A ×































0, others
1
8 cos (3θJ − 3φA) , f -wave
1
2 k cos (4θJ − 3φA− θk) , g-wave
5
16

�

8k2 cos (6θJ − 3φA− 3θk)
+ 3k2

A cos (6θJ − 5φA− θk)
�

, i-wave

, (A.7)

Hq,σ
+4 = σαqk4

A ×



















0, others
1
16 cos (4θJ − 4φA) , g-wave
3
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�

k2
A cos (6θJ − 6φA)
+ 10k2 cos (6θJ − 4φA− 2θk)

�

, i-wave

, (A.8)

Hq,σ
+5 =

¨

0, others
3
16σαik

5
A cos (6θJ − 5φA− θk) , i-wave

, (A.9)

and

Hq,σ
+6 =

¨

0, others
1
64σαik

6
A cos (6θJ − 6φA) , i-wave

, (A.10)

with

mq
0 =
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






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





















0, p-wave
1
2 cos (2θJ − 2φA) , d-wave
3
2 k cos (3θJ − 2φA− θk) , f -wave
3
8

�

k2
A cos (4θJ − 4φA) + 8k2 cos (4θJ − 2φA− 2θk)

�

, g-wave
5
16

�

k4
A cos (6θJ − 6φA) + 24k4 cos (6θJ − 2φA− 4θk)
+ 18k2

Ak2 cos (6θJ − 4φA− 2θk)
�

, i-wave

, (A.11)
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


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


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1
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1
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8 k
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mq
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0, p-wave
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1
4

�
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�

, g-wave
15
64

�

k2
A cos (6θJ − 6φA) + 16k2 cos (6θJ − 2φA− 4θk)
+ k2

A (6θJ − 4φA− 2θk)
�

, i-wave

. (A.12)
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Among all Floquet components in the LPL-driven case, particular attention is drawn to the
zero-photon sector in Eq. (A.4), which contains an effective magnetic contribution encoded in
mq

0 [see Eq. (A.11)]. This term reveals that light-induced corrections to the static Hamiltonian
can emulate effective unconventional magnetic fields of different symmetry classes, depending
on the underlying magnet and the polarization direction φA. For example, in an LPL-driven
i-wave magnet, the zero-photon contribution includes effective magnetic terms such as a g-
wave-like component k4 cos(6θJ−2φA−4θk), an f -wave-like component k2 cos(6θJ−4φA−2θk),
and an s-wave-like term k4

A cos(6θJ − 6φA). The relative strengths of these components can
be selectively tuned by adjusting the light intensity kA and the linear polarization angle φA,
thereby enabling the emulation of lower-order unconventional magnets from higher-order
ones. This mechanism offers a route for engineering effective magnetism with tailored spa-
tial symmetries via Floquet driving, even in the absence of those magnetic orders in the static
system [57].

B Effect of the strength of d-wave magnet αd

The results obtained in the driven normal state for the spin density in Sec. 4 and in the su-
perconducting state for the Cooper pair amplitude in Sec. 5 are based on a d-wave magnet
with αd < B, which is referred to as a weak d-wave magnet [36, 57]. Such a system hosts
two upward-opening parabolas with spin- and direction-dependent curvature in the disper-
sion, resulting in two closed spin-dependent elliptical Fermi surfaces with orthogonal prin-
cipal axes [36]. Our numerical results confirm that all results discussed above remain valid
for the strong d-wave magnet with αd ≥ B, where the dispersion features a saddle point at
�

kx , ky

�

= (0,0) and spin-dependent bands that open in opposite directions.
In the driven strong d-wave magnet with arbitrary θJ , our numerical results confirm that

the main findings persist, including the presence of multiple spin-degenerate nodes in the
Floquet spin density, the structure of the Floquet BdG spectrum, the symmetry classification of
the Cooper pair amplitude, the contributions from various photon processes, and the effects
of linearly polarized light. This indicates that our results are universal for d-wave magnets of
arbitrary strength.

In summary, both weak and strong d-wave magnets exhibit the same rich Floquet-engineered
phenomena, underscoring the generality and robustness of the symmetry-based classification
and light-induced effects presented in this work.
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