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Induction of p-wave and d-wave order parameters in s-wave superconductors with light pulses

Hennadii Yerzhakov 1,* and Alexander Balatsky 1,2,†

1Nordita, Stockholm University, and KTH Royal Institute of Technology, Hannes Alfvéns väg 12, SE-106 91 Stockholm, Sweden
2Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA

(Received 7 April 2026; revised 10 August 2026; accepted 7 October 2026; published 9 November 2026)

We construct a generalized time-dependent Ginzburg-Landau model to demonstrate the possibility of inducing
p- and d-wave components in an originally pure s-wave centrosymmetric superconductor via microwave
radiation. In this framework, specializing to Oh point-group symmetry, we introduce gradient terms that
couple the s-wave superconducting order parameter with other symmetry-allowed components. The singlet-
to-singlet gradient terms are quadratic in spatial derivatives, while, in the presence of spin-orbit coupling,
linear-in-derivatives terms coupling singlet and triplet order parameters are also permitted. Through the minimal
substitution procedure, these terms enable coupling between different superconducting order parameters via the
vector potential, thereby leading to the generation of p-wave, d-wave, and other symmetry-allowed components.
Such a manipulation of the superconducting state locally via a microwave beam could be considered as one more
facet of the concept of quantum printing.
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I. INTRODUCTION

The interaction between superconducting (SC) conden-
sates and electromagnetic (EM) radiation has been studied
for several decades. One of the earliest indications that mi-
crowave radiation can enhance superconductivity came from
experiments by Wyatt et al. [1] and Dayem and Wiegand
[2], who observed microwave-enhanced critical currents in
superconducting constrictions and thin-film bridges, respec-
tively. Soon after, Eliashberg [3,4] developed a microscopic
theory explaining the effect based on nonequilibrium redis-
tribution of quasiparticles leading to an enhancement of the
SC gap and allowing superconductivity to persist slightly
above the equilibrium critical temperature Tc. Subsequent ex-
periments on SC films measured an increase of Tc and the
microwave-enhanced energy gap directly by tunneling fur-
ther confirming Eliashberg’s mechanism [5,6]. More recently,
experiments employing intense THz pulses reported tran-
sient superconductinglike signatures at temperatures much
higher than Tc [7–11]. Several theoretical mechanisms for the
enhancement of SC have been proposed, including phonon-
mediated enhancement of SC through the coherent excitation
of lattice vibrations [12–15], while other studies have em-
phasized that accompanying heating effects may instead
suppress superconductivity [16]. Alongside these efforts, in-
creasing attention has been devoted to using electromagnetic
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radiation to coherently excite and control collective exci-
tations of the superconducting condensate, including Higgs
and Bardasis-Schrieffer modes [17–21], and to generate and
control topological defects in the superconducting condensate
[22–26]. Recent theoretical efforts have also been devoted to
investigating the driving of the parent state into topologically
nontrivial superconducting states [27,28], enhancement of
preexisting unconventional correlations [29], and generation
of unconventional superconducting correlations in initially
conventional s-wave superconductors [21,30,31]. Induction of
(even-frequency) triplet pairing is of particular interest, as it
might provide new routes to topological superconductivity
and control of spin-polarized SC currents. Our work belongs
to this latter direction and develops a general symmetry-based
framework for describing such light-induced order-parameter
engineering in centrosymmetric s-wave superconductors.

In Ref. [21], based on a mix of microscopic and Ginzburg-
Landau (GL) approaches, a theoretical proposal of switching
the singlet s-wave superconducting state to a metastable triplet
state in a superconductor on a honeycomb lattice with Kane-
Mele spin-orbit coupling (SOC) [32] via tailored pulses of
EM radiation is presented. The key ingredients in that pa-
per are SOC and irradiation by an EM wave that breaks
the inversion symmetry dynamically, i.e., there is no sym-
metry operation which is a combination of spatial inversion
and time-shift operations. Importantly, the symmetry anal-
ysis of the model relied on the fact that Kane-Mele SOC
reduces spin SU(2) symmetry to U(1), which leaves sz, the
z component of the spin, a good quantum number. However,
for a generic centrosymmetric spin-orbit coupling in both
two and three dimensions, none of the spin components is
conserved. In this work, we generalize the symmetry-based
time-dependent Ginzburg-Landau (TDGL) theory formula-
tion to any centrosymmetric point group of the lattice in two-
and three-dimensional (2D and 3D) cases. Additionally, we
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do not require dynamical inversion symmetry breaking as a
necessary mechanism for inducing triplet correlations via EM
radiation: The EM vector potential breaks inversion symme-
try instantaneously, which in combination with SOC allows
mixing of singlet and triplet components. In Ref. [30], the
induction of triplet correlations by EM waves in an s-wave SC
with SOC is studied within the Floquet-Magnus expansion.
However, the models used in that work are for a noncen-
trosymmetric SC with Rashba-type spin-orbit coupling, which
generically allows singlet-triplet admixture even in the ab-
sence of the external drive.

In this work, we construct a time-dependent GL theory
concentrating on systems with Oh point-group symmetry, in
which the s-wave order parameter (OP) is coupled to other
symmetry-allowed singlet and triplet OPs via gradient terms.
The key point of this work is the formulation of the Lifshitz-
type invariant [33] (first order in spatial derivatives), which is
allowed in the presence of SOC, coupling s- and p-wave SC
OPs. Under EM irradiation, this coupling induces a dynamical
p-wave component, whereas other gradient couplings gener-
ate additional singlet components.

Such dynamically induced singlet-triplet states might
potentially provide a platform for Floquet-engineered topo-
logical superconductivity, induction of a transient topological
superconducting state, and ultimately can lead to an alterna-
tive route to topological SC using light and microwave pulses
to produce a p-wave SC. We can see that this route can
have advantages as it does not require heterostructures with
attendant disorder and imperfection effects. The proposed ma-
nipulation of the superconducting state with light represents
another facet of quantum printing [24,25,34], in which the
spatiotemporal structure of the light gauge potential modifies
the superconducting state.

Although this work focuses on the Lifshitz-type invari-
ant in the presence of a time-dependent vector potential, a
possible implication in the static vector potential case is the
emergence of triplet correlations in the vortex state of an orig-
inally s-wave superconductor at zero applied magnetic field
[35]. This coupling may also be relevant for the explanation
of the magnetic memory effect in 4Hb-TaS2 [36,37].

The paper is structured as follows: In Sec. II, we recapitu-
late how the superconducting gap transforms under symmetry
operations. In Sec. III, we construct a generalized time-
dependent Ginzburg-Landau model for the Oh-symmetric
crystal introducing gradient terms that couple the s-wave OP
with the triplet p-wave and other singlet OPs. In Sec. IV, we
derive equations of motion for the formulated model. In Sec.
V, we present some analytical and numerical results on the
induced superconducting components. Finally, we conclude
in Sec. VI.

II. TRANSFORMATION PROPERTIES OF THE
SUPERCONDUCTING GAP

The SC gap function for a single-band SC can generically
be written as [38]

�̂(k) = i[σ0ψ (k) + d(k) · σ]σy, (1)

where σ0 is the 2 × 2 identity matrix and σ = (σx, σy, σz ) is
the vector of Pauli matrices. The terms with ψ (k) and d(k)

correspond to the singlet and triplet pairings, respectively. The
group of symmetries is G = G × SU(2) × T × U(1) in the
absence of SOC. This is reduced to G = GD × T × U(1) in
the presence of SOC. G is the space group of the lattice (we
will concentrate on the corresponding point-group symmetry
only), GD is its double group, and T is the time-reversal
symmetry. At the highest transition temperature in a cen-
trosymmetric superconductor, either the singlet or the triplet
component is nonzero. However, at lower temperatures, the
ground state may exhibit singlet-triplet mixing [38–45].

In the absence of SOC, under the symmetry operations, the
creation operators (in momentum space) transform as

gOc†
k,s = cD−(gO )k,s, gSc†

k = D1/2(gS )ck,

T ck = −iσyc−k, �ck,s = eiφck,s, (2)

where gO, gS , and � are members of the symmetry groups
G, SU(2), and U(1), respectively. D−(g) denote matrices in
the three-dimensional odd representation of the group G. D1/2

is the two-dimensional spin- 1
2 representation of SU(2). There-

fore, their actions on the gap function are

gO�̂(k) = �̂(D−(gO)k),

gS�̂(k) = D1/2(gS )T �̂(k)D1/2(gS ),

T �̂(k) = σy�̂(−k)∗σy, ��̂(k) = e2iφ�̂(k). (3)

These operations can be rewritten for ψ (k) and d(k) in
Eq. (1):

gOψ (k) = ψ (D−(gO)k), gOd(k) = d(D−(gO)k),

gSψ (k) = ψ (k), gSd(k) = D+(gS )d(k),

T ψ (k) = ψ (−k)∗, T d(k) = −d(−k)∗,

�ψ (k) = e2iφψ (k), �d(k) = e2iφd(k), (4)

where D+(g) are matrices in the even three-dimensional rep-
resentation of G.

The presence of SOC “locks” rotations in spin and orbital
spaces. Consequently, in this case

gOS�̂(k) = DG
1/2(gOS )T �̂(D−(gOS )k)DG

1/2(gOS ), (5)

where gOS ∈ GD, DG
1/2 is a 2 × 2 spinorial irrep of the double

group GD, and we instead have

gOSψ (k) = ψ (D−(gOS )k),

gOSd(k) = D+(gOS )d(D−(gOS )k). (6)

We want to investigate which couplings between OPs of
different symmetries can be mediated by the electromagnetic
vector potential, i.e., which gradient terms are allowed in the
GL theory.

III. MODEL

A. SO(3) symmetry, no SOC

For continuous rotational symmetry, and even l , the gap
function can be expanded in the basis functions of the Dl
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representation as

�̂(k) =
l∑

m=−l

cmYlm(k)iσy =
l∑

m=−l

cm�̂m, (7)

and for odd l

�̂ =
l∑

m=−l

∑
n̂=x̂,ŷ,ẑ

cmnYlm(k)i(σ · n̂)σy. (8)

Thus, the s wave is characterized by one coefficient
�̂s(k) = s�̂s(k), and the p wave by nine coefficients

�̂p =
3∑

i=1

∑
α=x̂,ŷ,ẑ

Piα�̂iα. (9)

Transferring the transformation properties to the coeffi-
cients, we want to form an invariant that couples s and Piα

and contains derivatives that transform according to the D1

representation, i.e., their transformations are performed by
applying regular SO(3) rotation matrices. We schematically
(without specifying indices and numerical coefficients) write
such a putative invariant and how it transforms as

I∇ = s · ∇nPm −−→
gO,gS

s · D−n(gO)∇nD−m(gO) · D+m(gS )Pm.

(10)

Since D± are simply rotation matrices for proper rotations,
any polynomial constructed from them can be reduced to a
constant by appropriately pairing indices and inserting Levi-
Civita tensors εi jk , using RT R = 1 and det R = 1, where R is a
rotation matrix. Thus, to form an invariant, we have to have an
even number of D−(gO) matrices to satisfy invariance under
inversion and m � 2 to satisfy invariance under spin rotations.
Within the TDGL model, such invariants provide terms of at
least linear order in P to the TDGL equations, which will be
zero as long as the p-wave components are zero. Therefore,
such terms will be unable to induce the triplet component via
microwave irradiation or via nonuniformity of the s-wave OP
in the vortex state.

Note that couplings between singlet OPs of different sym-
metries, e.g., between s- and d-wave components, are allowed
in second order in spatial derivatives and in first order in the
OPs even without SOC.

B. SO(3) symmetry, SOC is present

The situation is different in the presence of SOC. After
SOC is turned on, the full group SO(3) × SU(2) reduces to
SU(2) (acting in combined spin and orbital space). Corre-
spondingly, the irreducible representation, according to which
the SC gap transformed in the case of no SOC, becomes
a reducible representation of SU(2). Generically, under the
SOC, the physical spin ceases to be a good quantum num-
ber for labeling energy-degenerate single-particle states, from
which Cooper pairs are formed. Therefore, we switch to the
appropriate pseudospin basis, in which the single-particle
Hamiltonian is diagonalized. In this basis, the singlet and
triplet components of the superconducting gap retain their
symmetry-defined meaning under inversion, whereas in the

physical spin basis the singlet and triplet components gen-
erally mix. The eigenbasis of the SC gap for even l now
transforms according to

Dl ⊗ D0 = Dl , (11)

and for odd l as

Dl ⊗ D1 = Dl−1 ⊕ Dl ⊕ Dl+1. (12)

Thus, for the p-wave component with l = 1, it is possible
to form an invariant of the first order in both the spatial
derivatives and the p-wave components Piα .

Specifically, such an invariant transforms under a gOS op-
eration as

I∇ = ai jαs∗∂iPjα + c.c.

−→
gOS

ai jαsD−
ii′ (gOS )∂i′D

−
j j′

m(gOS )D+
αα′

m(gOS )Pj′α′ + c.c.,

(13)

where ai jα are the coefficients to be determined. Since
D− = D+i, where i = ±1 depending on whether the opera-
tion is proper or improper rotation, and det D+ = 1 can be
rewritten in the form

εi jkD+
ii′D

+
j j′D

+
kk′ = εi′ j′k′ , (14)

where εi jk is the totally antisymmetric tensor, it is easy to see
that ai jα ∼ εi jα . Given that I∇ is integrated over the volume in
the Lagrangian, using integration by parts, it can be rewritten
in an antisymmetric form

I∇ ∼ εi jα[s∗∂iPjα − (∂is
∗)Pjα + c.c.]. (15)

An important feature of this Lifshitz-type term is that it in-
troduces terms of zeroth order in Piα to the equations of
motion, which leads to the generation of the triplet component
via application of periodic (electromagnetic wave) or static
(constant magnetic field) vector potentials. The strength of
coefficients ai jα is expected to be proportional to the strength
of the SOC in the first approximation. Linear in gradient
terms of this type have been discussed in the context of
noncentrosymmetric superconductors [46–50] and multiband
superconductors [51–53]. For single-band centrosymmetric
SCs, it was originally introduced in Ref. [46] within the GL
framework, where the focus of the study was on helical SC
states, and, to the best of our knowledge, was not discussed
in the literature after that except in Ref. [35], where the gen-
eration of a triplet component in the vortex state of a d-wave
SC was studied. In addition, while assumed, the importance of
SOC was not discussed in Ref. [46]. It recently reappeared in
Ref. [21], where it was microscopically derived for a specific
model on a honeycomb lattice with Kane-Mele spin-orbit
coupling [32].

C. Oh symmetry with SOC

We proceed by constructing a theory for the case of cubic
symmetry with inversion center Oh and nonzero SOC. Oh has
five even and five odd representations, with the corresponding
basis functions given in Table I. The gap function in the 
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TABLE I. Irreducible representations and their corresponding basis functions �̂i

 [38]. For even irreps, �̂i


 = iσyψ
 (k), and for odd irreps
�̂i


 = i[σ · d i

 (k)]σy.

Irrep 
 Basis functions Irrep 
 Basis vector functions

A1g ψA1g (k) = 1, k2
x + k2

y + k2
z A1u dA1u (k) = x̂kx + ŷky + ẑkz

A2g ψA2g (k) = (k2
z − k2

y )(k2
y − k2

x )(k2
z − k2

x ) A2u dA2u (k) = x̂kx (k2
z − k2

y ) + ŷky(k2
x − k2

z )

+ẑkz (k2
y − k2

x )

Eg [t]ψ1
Eg

(k) = 2k2
z − k2

x − k2
y , ψ2

Eg
(k)

= √
3(k2

x − k2
y )

Eu d1
Eu,(k) = 2ẑkz − x̂kx − ŷky, d2

Eu
(k) = √

3(x̂kx − ŷky )

T1g [t]ψ1
T1g

(k) = kykz (k2
y − k2

z ), ψ2
T1g

(k) = kzkx

(k2
z − k2

x ), ψ3
T1g

(k) = kxky(k2
x − k2

y )

T1u d1
T1u

(k) = ŷkz − ẑky, d2
T1u

(k) = ẑkx − x̂kz, d3
T1u

(k) = x̂ky − ŷkx

T2g [t]ψ1
T2g

(k) = kykz, ψ
2
T2g

(k) = kzkx, ψ
3
T2g

(k)

= kxky

T2u d1
T2u

(k) = ŷkz + ẑky, d2
T2u

(k) = ẑkx + x̂kz, d3
T2u

(k) = x̂ky + ŷkx

representation can be written as

�̂ =
d
∑

i=1

ηi

�̂i


, (16)

where d
 is the dimension of the representation 
.

1. A1g to triplet

We start by forming invariants linear in gradient, singlet (s-
wave) A1g OP, and triplet OPs. Using the direct product table,
Table IV [54,55] in Appendix A, we find that the only such
coupling is between A1g (s-wave) and T1u (p-wave) irreps. In-
deed, given that the components of ∇ transform according to
T1u irrep, for the invariant term of the structure (ηA1g )∗(∇η
u )
to exist, there should be a trivial irrep in the decomposition
of A1g ⊗ T1u ⊗ 
u. Using a theorem that a direct product of

TABLE II. Lifshitz-type invariants coupling s-wave OP with symmetry-allowed triplet OPs in different centrosymmetric crystallographic
point groups.

Group Lifshitz-type invariants

Ci η∗
Ag

∂xηAu − (∂xη
∗
Ag

)ηAu+ c.c.

η∗
Ag

∂yηAu − (∂yη
∗
Ag

)ηAu+ c.c.

η∗
Ag

∂zηAu − (∂zη
∗
Ag

)ηAu+ c.c.

C2h η∗
Ag

∂xηBu − (∂xη
∗
Ag

)ηBu+ c.c.

η∗
Ag

∂yηBu − (∂yη
∗
Ag

)ηBu+ c.c.

η∗
Ag

∂zηAu − (∂zη
∗
Ag

)ηAu+ c.c.

D2h η∗
Ag

∂xηB3u − (∂xη
∗
Ag

)ηB3u+ c.c.

η∗
Ag

∂yηB2u − (∂yη
∗
Ag

)ηB2u+ c.c.

η∗
Ag

∂zηB1u − (∂zη
∗
Ag

)ηB1u+ c.c.

C4h S6 (or C3i) η∗
Ag

(∂xη
1
Eu

+ ∂yη
2
Eu

) − ((∂xη
∗
Ag

)η1
Eu

+ (∂yη
∗
Ag

)η2
Eu

)+ c.c.

η∗
Ag

(∂xη
2
Eu

− ∂yη
1
Eu

) − ((∂xη
∗
Ag

)η2
Eu

− (∂yη
∗
Ag

)η1
Eu

)+ c.c.

η∗
Ag

∂zηAu − (∂zη
∗
Ag

)ηAu+ c.c.

D4h D3d η∗
A1g

(∂xη
1
Eu

+ ∂yη
2
Eu

) − ((∂xη
∗
A1g

)η1
Eu

+ (∂yη
∗
A1g

)η2
Eu

)+ c.c.

η∗
A1g

∂zηA2u − (∂zη
∗
A1g

)ηA2u+ c.c.

C6h η∗
Ag

(∂xη
1
E1u

+ ∂yη
2
E1u

) − ((∂xη
∗
Ag

)η1
E1u

+ (∂yη
∗
Ag

)η2
E1u

)+ c.c.

η∗
Ag

(∂xη
2
E1u

− ∂yη
1
E1u

) − ((∂xη
∗
Ag

)η2
E1u

− (∂yη
∗
Ag

)η1
E1u

)+ c.c.

η∗
Ag

∂zηAu − (∂zη
∗
Ag

)ηAu+ c.c.

D6h η∗
A1g

(∂xη
1
E1u

+ ∂yη
2
E1u

) − ((∂xη
∗
A1g

)η1
E1u

+ (∂yη
∗
A1g

)η2
E1u

)+ c.c.

η∗
A1g

∂zηA2u − (∂zη
∗
A1g

)ηA2u+ c.c.

Th η∗
Ag

(∂xη
1
Tu

+ ∂yη
2
Tu

+ ∂zη
3
Tu

) − ((∂xη
∗
Ag

)η1
Tu

+ (∂yη
∗
Ag

)η2
Tu

+ (∂zη
∗
Ag

)η3
Tu

)+ c.c.

Oh η∗
A1g

(∂xη
1
T1u

+ ∂yη
2
T1u

+ ∂zη
3
T1u

) − ((∂xη
∗
A1g

)η1
T1u

+ (∂yη
∗
A1g

)η2
T1u

+ (∂zη
∗
A1g

)η3
T1u

)+ c.c.
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two real irreps contains a trivial one if and only if those two
irreps coincide [56], we see that such an invariant can be
formed only if 
u = T1u. For an Oh point group, it is given by
Eq. (21). In Table II, we list Lifshitz-type invariants coupling
s-wave OP with the symmetry-allowed triplet OPs for all
crystallographic point groups.

2. A1g to singlet

The couplings between s-wave and other singlet com-
ponents need at least two gradients to form an invariant.
Decomposing direct products (showing only the A1g irrep and
using ellipses for all other terms) A1g ⊗ T1u ⊗ T1u ⊗ 
g, using
Table IV,

A1g ⊗ T1u ⊗ T1u ⊗

⎛
⎜⎜⎜⎜⎝

A1g

A2g

Eg

T1g

T2g

⎞
⎟⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎜⎝

A1g + · · ·
· · ·

A1g + · · ·
A1g + · · ·
A1g + · · ·

⎞
⎟⎟⎟⎟⎠, (17)

we find that couplings to all other singlets, except for
A2g, are possible. Again, because such terms are linear in
η
g , such invariants will yield terms independent of η
g in
the TDGL equations, and thus capable of inducing those
components via application of periodic or static vector po-
tentials. In the case of the latter one, in Ref. [57] it has
been shown that subdominant d-wave OP might nucleate
in the vicinity of the s-wave vortices and lead to type-1.5
superconductivity.

Together, the s-wave (A1g) OP could be coupled via vec-
tor potential to the T1u (p-wave), Eg (dx2−y2 and dz2 ), T1g

(g-wave), and T2g (dxy, dxz, and dyz) OPs. We thus also in-
vestigate possible couplings between them. The schematic
picture showing possible gradient couplings between different
SC components in the constructed GL theory is illustrated in
Fig. 1.

FIG. 1. Schematic diagram of gradient couplings between differ-
ent SC OPs. Red and blue colors stand for the singlet-to-singlet and
singlet-to-triplet couplings, respectively. Thicker lines correspond to
couplings to the s-wave OP, which is the only nonzero OP in the
absence of the vector potential.

D. Lagrangian

The full static Lagrangian density is thus

Lst =
∑

∈
r

L
 +
∑

∈
r

′
LA1g
 + LT1uEg + LT1uT1gLT1uT2g

+ LEgT1g + LEgT2g + LT1gT2g, (18)

where 
r is the set of T1u and all even irreps of the group,
excluding A2g, and the prime in the superscript of the sum
means excluding A1g from the sum. L
’s are given by [38]

LA1g = rA1g

∣∣ηA1g

∣∣2 +
∑

i

aA1g

∣∣DiηA1g

∣∣2 + bA1g

∣∣ηA1g

∣∣4
, (19)

LT1u = rT1u

3∑
i=1

∣∣η i
T1u

∣∣2 + a1
T1u

3∑
i=1

∣∣Diη
i
T1u

∣∣2 + a2
T1u

(∣∣Dxη
2
T1u

∣∣2 + ∣∣Dxη
3
T1u

∣∣2 + ∣∣Dyη
1
T1u

∣∣2 + ∣∣Dyη
3
T1u

∣∣2 + ∣∣Dzη
1
T1u

∣∣2 + ∣∣Dzη
2
T1u

∣∣2)
+ a3

T1u

[(
Dxη

1
T1u

)∗(
Dyη

2
T1u

) + (
Dyη

2
T1u

)∗(
Dzη

3
T1u

) + (
Dzη

3
T1u

)∗(
Dxη

1
T1u

) + c.c.
]

+ a4
T1u

[(
Dxη

2
T1u

)∗(
Dyη

1
T1u

) + (
Dyη

3
T1u

)∗(
Dzη

2
T1u

) + (
Dzη

1
T1u

)∗(
Dxη

3
T1u

) + c.c.
]

+ b1
T1u

(
3∑

i=1

∣∣η i
T1u

∣∣2

)2

+ b2
T1u

∣∣∣∣∣
3∑

i=1

(
η i

T1u

)2

∣∣∣∣∣
2

+ b3
T1u

(∣∣η 1
T1u

∣∣2∣∣η 2
T1u

∣∣2 + ∣∣η 1
T1u

∣∣2∣∣η 3
T1u

∣∣2 + ∣∣η 2
T1u

∣∣2∣∣η 3
T1u

∣∣2)
,

LEg = rEg

2∑
i=1

∣∣η i
Eg

∣∣2 + a1
Eg

3∑
j=1

2∑
i=1

∣∣Djη
i
Eg

∣∣2 + b1
Eg

(
2∑

i=1

∣∣η i
Eg

∣∣2

)2

+ b2
Eg

(
η 1∗

Eg
η 2

Eg
− η 2∗

Eg
η 1

Eg

)2

+ a2
Eg

{
2
(∣∣Dzη

2
Eg

∣∣2 − ∣∣Dzη
1
Eg

∣∣2) − (∣∣Dxη
1
Eg

∣∣2 − ∣∣Dxη
2
Eg

∣∣2) − (∣∣Dyη
1
Eg

∣∣2 − ∣∣Dyη
2
Eg

∣∣2)
+

√
3

((
Dxη

1
Eg

)(
Dxη

2
Eg

)∗ − (
Dyη

1
Eg

)(
Dyη

2
Eg

)∗ + c.c.
)}

,

LT1g = LT1u

∣∣
T1u→T1g

, LT2g = LT1u

∣∣
T1u→T2g

, (20)
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where Di = ∂i − i2e/h̄ · Ai is the covariant derivative, and e is the electron charge. Representing the terms that couple A1g with
other irreps as the sum of the gradient and uniform parts, LA1g
 = LA1g


∇ + LA1g

u, for the gradient parts, we obtain

L∇
A1g,T1u

= aA1gT1u

3∑
i=1

{
η∗

A1g
Diη

i
T1u

− (
DiηA1g

)∗
η i

T1u
+ c.c.

}
, (21)

L∇
A1g,Eg

= aA1gEg

{
1
2

(
Dxη

1
Eg

)∗
DxηA1g − 1

2

(
Dxη

2
Eg

)∗
DxηA1g − 1

2

(
Dyη

1
Eg

)∗
DyηA1g

− 1
2

(
Dyη

2
Eg

)∗
DyηA1g + (

Dzη
2
Eg

)∗
DzηA1g + c.c.

}
, (22)

L∇
A1g,T1g

= aA1gT1g

{ − DxηA1g

(
Dyη

1
T1g

)∗ + DyηA1g

(
Dxη

1
T1g

)∗ − DxηA1g

(
Dzη

2
T1g

)∗

+ DzηA1g

(
Dxη

2
T1g

)∗ − DyηA1g

(
Dzη

3
T1g

)∗ + DzηA1g

(
Dyη

3
T1g

)∗ + c.c.
}
, (23)

L∇
A1g,T2g

= aA1gT2g

{
DxηA1g

(
Dyη

1
T2g

)∗ + DyηA1g

(
Dxη

1
T2g

)∗ + DxηA1g

(
Dzη

2
T2g

)∗

+ DzηA1g

(
Dxη

2
T2g

)∗ + DyηA1g

(
Dzη

3
T2g

)∗ + DzηA1g

(
Dyη

3
T2g

)∗ + c.c.
}
, (24)

and for the uniform parts Lu
A1g


, we use

Lu
A1g


= c1
A1g


∣∣ηA1g

∣∣2
d
∑

i=1

∣∣ηi



∣∣2

+ c2
A1g


⎛
⎝η2

A1g

d
∑
i=1

(
ηi∗




)2 + η∗2
A1g

d
∑
i=1

(
ηi




)2

⎞
⎠, (25)

where d
 is the dimension of the 
 irrep. When 
 = T1u, there
are no other invariants quartic in OPs. In particular, there are
no invariants cubic in ηT1u and linear in ηA1g since the inversion
symmetry requires an even number of ungerade irreps enter-
ing the invariant. When 
 is gerade, there are invariants cubic
in η
 and linear in ηA1g . However, we do not include them
here, as they are of higher order in η
 . The rest of the terms
entering into Eq. (18) are given in Appendix B.

We further generalize this static Lagrangian model to a
time-dependent GL theory. For s-wave superconductors, the
simplest TDGL model is obtained by extending the static GL
equations to [58]


sDtηs = − δF

δη∗
s

, (26)

where F = ∫
dd xLst is the free energy, Dt = ∂t + i2e/h̄ · φ is

a covariant time derivative, in which φ is the electric potential,
and 
s is the relaxation coefficient. It is microscopically jus-
tified for gapless superconductors close to Tc. A generalized
TDGL model was derived microscopically for dirty gapped
s-wave superconductors near Tc [59,60]. Equation (26) can be
obtained by introducing the Rayleigh functional [61]

R =
∫

dd r
s|Dtηs|2. (27)

We do not derive the TDGL model, corresponding to the static
Lagrangian in Eq. (18), microscopically. Instead, we write the

most general quadratic, gauge-invariant Rayleigh functional:

R =
∫

dd r
∑
μ∈
r

dμ∑
i, j=1
i 
= j


i j
ν

(
Dtη

i
ν

)∗(
Dtη

j
ν

)

+
∫

dd r
∑

μ,ν∈
r
μ 
=ν

dμ∑
i=1

dν∑
j=1


i j
μν

(
Dtη

i
μ

)∗(
Dtη

j
ν

)
. (28)

To preserve rotational invariance of the time-derivative terms,
we have to set 


i j
μν = 0 and 


i j
ν = 
νδi j .

IV. TDGL EQUATIONS

A. Equations of motion

The equations of motion are given by

δL
δηi ∗

ν

− ∂ j
δL

δ
(
∂ jηi ∗

ν

) + δR

δ
(
∂tηi ∗

ν

) = 0. (29)

We explicitly write these equations in dimensionless units.
The dimensionless coordinate, time, vector potential, and cur-
rent are

r′ = r/ξ, t ′ = t/τ0, A′ = A/A0, j′ = j/ j0, φ
′ = φ/φ0, (30)

where ξ is the coherence length of the pure s-wave uniform
SC, τ0 = μ0σλ2 is the magnetic diffusion time over the Lon-
don penetration depth λ in the s-wave SC, where μ0 is the
vacuum permeability, σ is the normal conductivity, λ is the
magnetic penetration depth of the pure s-wave SC, A0 = ξBc2,
where Bc2 = �0/(2πξ 2) is the upper critical magnetic field of
the pure s-wave SC, j0 = ξBc2/(μ0λ

2), and φ0 = ξ j0/σ . The
dimensionless GL parameters are


′
ν = 
ν

τ0
(− rA1g

) , r′

ν

= r
ν

rA1g

, bi

ν

′ = b
ν

bA1g

,

ai

ν

′ = a
ν

ξ 2(−rA1g )
, a′

T1u
ν
= aT1u
ν

ξ (−rA1g )
,

a′

μ
ν

μ 
=T1u

= a
μ
ν

ξ 2(−rA1g )
, ci

A1g
ν

′ = cA1g
ν

bA1g

, (31)
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and the covariant derivatives in the dimensionless units are

D′
i = ∂ ′

i − iA′
i, D′

t = ∂ ′
t + iφ′. (32)

In the following, writing the TDGL equations in dimensionless form, we omit the prime sign (′) in dimensionless quantities and
the GL parameters. For a thin-film case, for which we assume that dependence on the z coordinate is very weak and derivatives
with respect to the z coordinate can be neglected, these equations take the form


A1g DtηA1g = rA1g ηA1g + aA1g

∑
i

D2
i ηA1g − bA1g

∣∣ηA1g

∣∣2
ηA1g + 2 aA1g,T1u

(
−

∑
i

Di η
i
T1u

)

+ 1

2
aA1g,Eg

(
D2

xη
1
Eg

− D2
xη

2
Eg

− D2
yη

1
Eg

− D2
yη

2
Eg

)
+ aA1g,T1g

( − DxDy η 1
T1g

+ DyDx η 1
T1g

) + aA1g,T2g

(
DxDy η 1

T2g
+ DyDx η 1

T2g

)
−

∑

∈
r

′
c1

A1g


d
∑
i=1

∣∣ηi



∣∣2
ηA1g −

′∑

∈
r

c2
A1g


d
∑
i=1

(
ηi




)2
η∗

A1g
(33)

for the s-wave OP, where rA1g = 1, aA1g = 1, and bA1g = 1,


T1u Dtη
1
T1u

= rT1u η 1
T1u

+ a1
T1u

D2
xη

1
T1u

+ a2
T1u

D2
yη

1
T1u

+ a3
T1u

DxDy η 2
T1u

+ a4
T1u

DyDx η 2
T1u

− 2b1
T1u

(
3∑

i=1

∣∣η i
T1u

∣∣2

)
η 1

T1u
− 2b2

T1u

(
3∑

i=1

(
η i

T1u

)2

)
η 1∗

T1u
− b3

T1u

(∣∣η 2
T1u

∣∣2 + ∣∣η 3
T1u

∣∣2)
η 1

T1u

+ 2aA1gT1u DxηA1g + aT1uEg

(
Dxη

1
Eg

− Dxη
2
Eg

) + 2aT1uT1g Dyη
1
T1g

− 2aT1uT2g Dyη
1
T2g

− c1
A1gT1u

∣∣ηA1g

∣∣2
η1

T1u
− c2

A1gT1u

(
ηA1g

)2
η1∗

T1u
, (34)


T1u Dtη
2
T1u

= rT1u η 2
T1u

+ a1
T1u

D2
yη

2
T1u

+ a2
T1u

D2
xη

2
T1u

+ a3
T1u

DyDx η 1
T1u

+ a4
T1u

DxDy η 1
T1u

− 2b1
T1u

(
3∑

i=1

∣∣η i
T1u

∣∣2

)
η 2

T1u
− 2b2

T1u

(
3∑

i=1

(
η i

T1u

)2

)
η 2∗

T1u
− b3

T1u

(∣∣η 1
T1u

∣∣2 + ∣∣η 3
T1u

∣∣2)
η 2

T1u

+ 2aA1gT1u DyηA1g + aT1uEg

( − Dyη
1
Eg

− Dyη
2
Eg

) − 2aT1uT1g Dxη
1
T1g

− 2aT1uT2g Dxη
1
T2g

− c1
A1gT1u

∣∣ηA1g

∣∣2
η2

T1u
− c2

A1gT1u

(
ηA1g

)2
η2∗

T1u
, (35)


T1u Dtη
3
T1u

= rT1u η 3
T1u

+ a2
T1u

(
D2

x + D2
y

)
η 3

T1u

− 2b1
T1u

(
3∑

i=1

∣∣η i
T1u

∣∣2

)
η 3

T1u
− 2b2

T1u

(
3∑

i=1

(
η i

T1u

)2

)
η 3∗

T1u
− b3

T1u

(∣∣η 1
T1u

∣∣2 + ∣∣η 2
T1u

∣∣2
)
η 3

T1u

+ 2aT1uT1g

( − Dxη
2
T1g

− Dyη
3
T1g

) + 2aT1uT2g

( − Dxη
2
T2g

− Dyη
3
T2g

)
− c1

A1gT1u

∣∣ηA1g

∣∣2
η3

T1u
− c2

A1gT1u

(
ηA1g

)2
η3∗

T1u
(36)

for the components of the p-wave OP, and


Eg Dtη
1
Eg

= rEg η 1
Eg

+ a1
Eg

3∑
i=1

D2
i η

1
Eg

+ a2
Eg

( − D2
xη

1
Eg

− D2
yη

1
Eg

+
√

3 D2
xη

2
Eg

−
√

3 D2
yη

2
Eg

)

− 2b1
Eg

(
2∑

i=1

∣∣η i
Eg

∣∣2

)
η 1

Eg
− 2b2

Eg

(
η 1∗

Eg
η 2

Eg
− η 2∗

Eg
η 1

Eg

)
η 2

Eg

+ 1

2
aA1gEg

(
D2

xηA1g − D2
yηA1g

) − aT1uEg

(
Dxη

1
T1u

− Dyη
2
T1u

)
+ a1

EgT1g

(
−1

3
DxDyη

1
T1g

− 1

3
DyDxη

1
T1g

)
+ a2

EgT1g

(
−1

3
DxDyη

1
T1g

− 1

3
DyDxη

1
T1g

)

+ a1
EgT2g

(
1

3
DxDyη

1
T2g

− 1

3
DyDxη

1
T2g

)
+ a2

EgT2g

(
−1

3
DxDyη

1
T2g

+ 1

3
DyDxη

1
T2g

)

− c1
A1gEg

∣∣ηA1g

∣∣2
η1

Eg
− c2

A1gEg

(
ηA1g

)2
η1∗

Eg
, (37)
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Eg Dtη
2
Eg

= rEg η 2
Eg

+ a1
Eg

3∑
i=1

D2
i η

2
Eg

+ a2
Eg

(
D2

xη
2
Eg

+ D2
yη

2
Eg

+
√

3 D2
xη

1
Eg

−
√

3 D2
yη

1
Eg

)

− 2b1
Eg

(
2∑

i=1

∣∣η i
Eg

∣∣2

)
η 2

Eg
+ 2b2

Eg

(
η 1∗

Eg
η 2

Eg
− η 2∗

Eg
η 1

Eg

)
η 1

Eg

+ 1

2
aA1gEg

(−D2
xηA1g − D2

yηA1g

) − aT1uEg

(−Dxη
1
T1u

− Dyη
2
T1u

)
+ a1

EgT1g

(
DxDy η 1

T1g
− DyDx η 1

T1g

) + a2
EgT1g

( − DxDy η 1
T1g

+ DyDx η 1
T1g

)
+ a1

EgT2g

( − DxDy η 1
T2g

− DyDx η 1
T2g

) + a2
EgT2g

( − DxDy η 1
T2g

− DyDx η 1
T2g

)
− c1

A1gEg

∣∣ηA1g

∣∣2
η2

Eg
− c2

A1gEg

(
ηA1g

)2
η2∗

Eg
(38)

for the Eg (dx2−y2 and dz2 ) components of the d-wave OP. We write the rest of the TDGL equations in Appendix C.

B. Current

The variation of Eq. (18) with respect to the vector poten-
tial yields the expression for the superconducting current. We
compactly write terms in the Lagrangian density correspond-
ing to the singlet-to-singlet and triplet-to-triplet couplings as

Lμν = Qαβ
μν,i j

(
Diη

α
μ

)∗
Djη

β
ν , with Qαβ

μν,i j = Qβα
νμ, ji (39)

and to the triplet-to-singlet couplings as

LT1uν = Pαβ
ν,i

[(
Diη

α
T1u

)∗
ηβ

ν − ηα∗
T1u

Diη
β
ν + c.c.

]
. (40)

The values for Qαβ
μν,i j and Pαβ

ν,i are given in Appendix D. For
the SC current density, we find

jsi = 4e

h̄
ImQαβ

μν,i jη
α∗
μ Djη

β
ν − 4e

h̄
ImPβα

ν,i ηα∗
ν η

β
T1u

. (41)

To find the full current, we add the normal component jn:

j = js + jn, where

jn = σE = −σ

(
∇φ + ∂A

∂t

)
. (42)

The electric potential φ is then found from the continuity
equation

∇ · j = 0, (43)

in which the charge-neutrality condition ∂ρ/∂t ≈ 0, where ρ

is the charge density, is assumed. This standard assumption
in TDGL theory is valid because the charge-density fluctua-
tions relax on the plasma-frequency timescale, which is much
shorter than the characteristic timescales governing the super-
conducting order-parameter dynamics. In the dimensionless
(primed) units, this yields

∇2′
φ′ = ∇′ · js′ − ∂ (∇′ · A′)

∂t ′ . (44)

In the dimensionless units, the expression for current is
the same as in Eq. (41), except for the absence of the 4e/h̄
coefficients, and the expressions for dimensionless Qαβ ′

μν,i j are

the same as Qαβ
μν,i j with the dimensional parameters being sub-

stituted with the corresponding dimensionless (primed) ones.

C. Boundary conditions

The system of the TDGL equations (33)–(38) and
(C1)−(C6) and Eq. (44) has to be augmented with appropriate
boundary conditions, which can be found by requiring the
surface term, arising as the result of the variation of the free
energy with respect to η∗

ν , to be equal to zero. Generally,
depending on the type of the material at the interface with the
SC, there is also a surface term contribution to the free energy
[62], i.e., F = ∫

dd xLst + Fsurf. We assume Fsurf = 0 here,
which is the case for a boundary with an insulator [62–65].
Then the boundary conditions take the form

ni
(
Qαβ

μν,i jD jη
β
ν − Pβα

ν,i η
β
T1u

) = 0,

niP
αβ
ν,i ηβ

ν = 0, (45)

where ni are the components of the normal to the interface unit
vector n. Note that these two equations imply that the normal
to the interface components of both the sum of the singlet-to-
singlet and triplet-to-triplet [the first term on the right-hand
side of Eq. (41)] and the triplet-to-singlet [the second term on
the right-hand side of Eq. (41)] contributions to the SC current
vanish separately at the interface.

For numerical simplicity, in the case of a finite-width
Gaussian beam, we employ simpler boundary conditions. Ex-
pecting that outside the effective area of the beam spot, the
induced triplet and singlet components are nearly zero, we use
zero boundary conditions for those components:

ηi
T 1u = 0, i = 1 . . . 3

ηi
Eg = 0, i = 1, 2

ηi
T 1g = 0, i = 1 . . . 3

ηi
T 2g = 0, i = 1 . . . 3 (46)

and the usual boundary condition for the s-wave component
of the SC current

n · DηA1g = 0. (47)

This simplification agrees with the results of simulations.
The boundary conditions for Eq. (44) are

n ·
(

∇φ + ∂A
∂t

)
= 0, (48)
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TABLE III. Coefficients in the TDGL model used in the simulations that produced data for Fig. 2. The coefficients are chosen to be
comparable with each other based on Refs. [57,68], which show that the intracomponent gradient and quartic Ginzburg-Landau coefficients
and the corresponding intercomponent coefficients in specific microscopic models of mixed s- and d-wave superconductors are of the same
order, as well as on Refs. [21,69], which show that dimensionless coefficient aA1gT1u can be comparable to aA1g and a1

T1u
for realistic parameters

of a conventional superconductor on a honeycomb lattice with Kane-Mele SOC. We further extend this to the rest of the static coefficients and
set 
ν = 
 = 1 for simplicity.

A1g 
A1g = 1, rA1g = 1, bA1g = 1, aA1g = 1, aA1gT1u = 1, aA1gEg = 1, aA1gT1g = 1, aA1gT2g = 1

T1u 
T1u = 1, rT1u = −30; a1
T1u

= 1.1, a2
T1u

= 1; a3
T1u

= 1.2, a4
T1u

= 1.1, b1
T1u

= 1, b2
T1u

= 1, b3
T1u

= 1, aT1uEg = 1, aT1uT1g = 1.2,

aT1uT2g = 1, c1
A1gT1u

= c2
A1gT1u

= 1

Eg 
Eg = 1, rEg = −40, a1
Eg

= 1.05, a2
Eg

= 1, b1
Eg

= 1, b2
Eg

= 1, a1
EgT1g

= 1.1, a2
EgT1g

= 1, a1
EgT2g

= 1.1, a2
EgT2g

= 1.05

c1
A1gEg

= c2
A1gEg

= 1

T1g 
T1g = 1, rT1g = −50, a1
T1g

= 1, a2
T1g

= 1.05, a3
T1g

= 1.1, a4
T1g

= 0.95, b1
T1g

= 1, b2
T1g

= 1, b3
T1g

= 1, a1
T1gT2g

= 1, a2
T1gT2g

= 1.1,

a3
T1gT2g

= 1.2, c1
A1gT1g

= c2
A1gT1g

= 1

T2g 
T2g = 1, rT2g = −60, a1
T2g

= 0.9, a2
T2g

= 0.95, a3
T2g

= 0.85, a4
T2g

= 0.8, b1
T2g

= 1, b2
T2g

= 1, b3
T2g

= 1,

c1
A1gT2g

= c2
A1gT2g

= 1

which corresponds to zero normal current flowing through the
interfaces.

V. RESULTS FOR INFINITELY WIDE UNIFORM
AND GAUSSIAN BEAMS

We start by considering a uniform infinitely wide beam.
In that case, a natural assumption is that the solution also
has to be uniform. Thus, we neglect the spatial derivatives in
the TDGL equations (33)–(38) and (C1)−(C6). The numer-
ical solution of the resulting system of ordinary differential
equations (ODEs) for the values of the SC OPs with TDGL
parameters given in Table III and the incident x̂-polarized mi-
crowave with dimensionless frequency ω = 1 and amplitude
A0 = 0.5 is plotted in Fig. 2 in red curves. The micro-
scopic validity of the TDGL theory is restricted to a narrow
temperature interval close to the superconducting transition
|T − Tc| 
 Tc, together with the requirement that the order
parameters and electromagnetic fields vary slowly on the rele-
vant microscopic spatial and temporal scales. In particular, the
microscopic validity of the s-wave TDGL equations assumes
that 
A1g 
 τ−1

E [58,60], where τE is the inelastic electron-

phonon scattering time. For clean systems, τ−1
E ∼ kBT 3

h̄�2
D

, where
�D is the Debye temperature. For low-temperature supercon-
ductors such as Nb, τ−1

E ∼ 109s−1; for superconductors like

Nb3Al and MgB2, τ−1
E could be ∼1010s−1; and in cuprates

τ−1
E could be ∼1011 s−1. In dirty superconductors, τ−1

E might
be larger [66]. For example, for dirty NbN thin films
τ−1

E ∼ 1011 s−1 has been reported [67]. Thus, the relevant
frequencies of the incident EM radiation are in the microwave
range. In Ref. [68], a time-dependent GL theory for a mixed s-
and d-wave SC with spherically symmetric Fermi surface was
derived, which showed that the corresponding gradient and
quartic intracomponent GL parameters and intercomponent
GL parameters are of the same order. The same is true for
the GL theory with mixed s- and d-wave OPs derived from a
microscopic model with nearest-neighbor pairing interactions
on a square lattice [57]. We assume here that this is true for
the rest of the SC components. In this regard, we note that the
microscopically derived value in Ref. [21] of the coefficient
for the s-to-p coupling, aA1gT1u , in a honeycomb lattice with
Kane-Mele spin-orbit coupling model is of the same order as
the coefficients for the s-to-s, aA1g , and p-to-p, a1

T 1u, gradient
terms in LA1g and LT1u , respectively [69]. We also set the
relaxation coefficients for each SC component to be the same,
i.e., 
ν = 
.

To gain analytical insight, assuming that the change in ηA1g ,
δηA1g = 1 − ηA1g , and the induced components are small, we
solve approximate decoupled equations, where the 1s now
stand for the unperturbed value of ηA1g:


A1gdtηA1g = (
1 − η2

A1g

)
ηA1g − A2

x ηA1g, (49)


T1u dtη
1
T1u

= rT1u η1
T1u

− a1
T1u

A2
x η1

T1u
− 2 aA1gT1u i Ax · 1 − c1

A1gT1u
η1

T1u
+ c2

A1gT1u
η1∗

T1u
, (50)


T1u dtη
2
T1u

= rT1u η2
T1u

− a2
T1u

A2
x η2

T1u
− c1

A1gT1u
η2

T1u
− c2

A1gT1u
η2∗

T1u
, (51)


T1u dtη
3
T1u

= rT1u η3
T1u

− a2
T1u

A2
x η3

T1u
− c1

A1gT1u
η3

T1u
− c2

A1gT1u
η3∗

T1u
, (52)


Egdtη
1
Eg

= rEg η1
Eg

− 1
2 aA1gEg A2

x · 1 − c1
A1gEg

η1
Eg

− c2
A1gEg

η1∗
Eg

, (53)


Egdtη
2
Eg

= rEg η2
Eg

+ 1
2 aA1gEg A2

x · 1 − c1
A1gEg

η2
Eg

− c2
A1gEg

η2∗
Eg

, (54)

omitting the ones for ηi
T1g

and ηi
T2g

as these components remain essentially zero for the chosen parameters.
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FIG. 2. (a) |ηA1g| (s wave); (b) Im(η1
T1u

) (p wave); (c) Re(η1
Eg

) (d wave). Red and blue curves correspond to the solutions of (33)–(38) and
(C1)−(C6) in the cases of Gaussian and uniform linearly polarized beams, respectively. Black curve corresponds to the approximate solution
of Eqs. (49)–(54) in the case of a uniform beam. Dashed lines correspond to the approximate average values given by Eq. (57) around which the
approximate solutions oscillate. The TDGL parameters are given in Table III, the dimensionless frequency and amplitude of the microwaves are
ω = 1 and A0 = 0.5, respectively, the waist of the Gaussian beam is w0 = 4ξ , and the side length of the thin square film is l = 20ξ . (d) Time
dependence of the values of ηA1g (s wave), η1

T1u
(py wave in the 2D limit), and η2

T1u
(px wave in the 2D limit) order parameters at the center of

the circularly polarized Gaussian beam with waist w0 = 4ξ . The TDGL parameters are given in Table III, the dimensionless frequency and
amplitude of the beam are ω = 1 and A0 = 0.5, respectively, the waist of the beam is w0 = 4ξ , and the side length of the thin square film is
l = 20ξ .

The solutions to Eqs. (49)–(54), linearized in δηA1g , are

ηA1g (t ) = 1 − A2
0


A1g

e
− 2t


A1g
− A2

0 t

2 
A1g
+ A2

0 sin(2ωt )

4 ω 
A1g

∫ t

0
sin2(ωt1) e

2t1

A1g

+ A2
0 t1

2 
A1g
− A2

0 sin(2ωt1 )

4 ω 
A1g dt1,

η1
T1u

(t ) = −ie
−1
T1u

(r̃T1u t− aT1u
A2

0
2 t− aT1u

A2
0

4 sin(2ωt ))
∫ t

0
2 aA1gT1u A0 sin(ωt1) e−
−1

T1u
(r̃T1u t1−

aT1u
A2

0
2 t1−

aT1u
A2

0
4 sin(2ωt1 )) dt1,

η2
T1u

(t ) = η3
T1u

(t ) = 0,

η1
Eg

(t ) = −η2
Eg

(t ) = − aA1gEg A2
0

4

4ω2
2
Eg

er̃Eg/
Egt − 4ω2
2
Eg

− r̃2
Eg

+ r̃2
Eg

cos(2ωt ) − 2 r̃Eg ω 
Eg sin(2ωt )

r̃3
Eg

+ 4r̃Egω
2
2

Eg

,

η1
T1g

(t ) = η2
T1g

(t ) = η3
T1g

(t ) = 0, η1
T2g

(t ) = η2
T2g

(t ) = η3
T2g

(t ) = 0, (55)

where r̃T1u = rT1u − (cA1gT1u − cA1gT1u ) and r̃Eg = rEg − (cA1gEg + cA1gEg ).
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When | A2
0 t

2 
A1g
− A2

0 sin(2ωt )
4 ω 
A1g

| 
 | 2t

A1g

| and | aT1u A2
0

2 t − aT1u A2
0

4 sin(2ωt )| 
 |r̃T1u t |, then

ηA1g (t ) = 1 − A2
0

4(1 + ω2
2
A1g

)

(
ω2
2

A1g
e−2t/
A1g − (

1 + ω2
2
A1g

) + cos(2ωt ) + ω
A1g sin(2ωt )
)
,

η1
T1u

(t ) = −i
2A0aA1gT1u

r̃2
T1u

+ ω2
2
T1u

(
ω
T1u e−r̃T1u t/
T1u + ω
T1u cos(ωt ) + r̃T1u sin(ωt )

)
, (56)

respectively.
The solutions have the form η
 (t ) = f
 (t )g
 (t ), where

f
 (t ) → 1 as t increases and g
 (t ) is a periodic function with
period T = π/ω. Averaging over the period T in the region
where f
 (t ) ≈ 1, from Eqs. (49)–(54), we find values of η


about which oscillations occur:

ηA1g0 = 1 − A2
0

4 + A2
0

,

ηT1u0 = 0,

η1
Eg0 = −η2

Eg0 = aA1gEg

r̃Eg

A2
0. (57)

One can see that the induced singlet components oscillate
around nonzero values due to rectification. The amplitudes of
the oscillations δη
 can be found approximately as

δηA1g0 = A2
0

4(1 + ω2
2
A1g

)

[
cos(φ1) + ω
A1g sin(φ1)

]
, (58)

δη1
T1u0 = i

2A0aA1gT1u

r̃2
T1u

+ ω2
2
T1u

[
ω
T1u cos(φ2) + r̃T1u sin(φ2)

]
, (59)

δη1,2
Eg0 = − A2

0aA1gEg

4(r̃2
Eg

+ 4ω2
2
Eg

)

[
r̃Eg cos(φ3) − 2ω
Eg sin(φ3)

]
,

(60)

where φ1 = arctan(ω
A1g ), φ2 = arctan(
r̃T1u

ω
T1u
), φ3 =

arctan(
2ω
Eg

r̃Eg
).

When
2ω
T1u

r̃T1u

 1 and

2ω
Eg

r̃Eg

 1,

δη1
T1u0 ≈ i

2A0aA1gT1u r̃T1u

r̃2
T1u

+ ω2
2
T1u

, and

δη1,2
Eg0 ≈ A2

0aA1gEg r̃Eg

4
(
r̃2

Eg
+ 4ω2
2

Eg

) ,

respectively.
To assess the effect of spatial derivatives, we simulate the

dynamics of a superconducting condensate in a thin square
film with a side length l = 20ξ subjected to a linearly po-
larized Gaussian beam with frequency ω/
−1 = 1 and waist
w0 = 4ξ with the center of the beam incident on the center
of the film. As we are not interested in the exact dynamics,
we also neglect the change in the scalar potential φ. The
corresponding vector potential is given by

A(r, t ) = A0e
− r2

w2
0 sin(ωt )x̂. (61)

In Figs. 2(a)–2(c), we plot the absolute values of ηA1g , the
imaginary part of η1

T1u
, and the real part of η1

Eg
≈ −η2

Eg
in the

center of the film, the corresponding solutions of Eqs. (33)–
(38) and (C1)–(C6) for the uniform beam, and the solutions
of the approximate Eqs. (49–(54). The imaginary part of ηA1g ,
the real part of η1

T1u
, and the imaginary part of η1

Eg
≈ −η2

Eg
in

the center of the film remain almost zero. The absolute value
of η2

T1u
reaches an appreciable nonzero value away from the

center of the film, but still about 20 times smaller than the
maximum value of η1

T1u
. The density plots that illustrate this

are provided in Appendix E.
In the case of a linearly polarized beam, the average value

of the induced triplet component is zero. In the case of a
circularly polarized microwave beam, the magnitude of the
induced triplet order parameter remains nonzero at all times,
even though its individual components oscillate and have zero
time-averaged values; see Fig. 2(d) and Eqs. (9)–(12).

In Figs. 3 and 4, we plot the time dependence of the
Re(ηA1g ) and Im(ηT1u ) OPs for different values of rT1u ranging
from −30 to 0.9 and from −30 to 0, respectively, for the
incident uniform linearly polarized microwave with dimen-
sionless ω = 1 and A0x = 0.5. For these plots, we use the
same values of TDGL parameters as before given in Table III,
except that we set c2

A1gT1u
= 0 for simulations in Fig. 3 to

ensure that in the absence of perturbations the ground state is
purely s wave for rT1u > 0, and for data in Fig. 4, we addition-
ally set c1

A1gT1u
= 0.1. As can be seen, for values of |rT1u | � 1, a

significant amplitude of the ηT 1
1u

OP (py wave in the 2D limit),
up to about 50% of the initial amplitude of the s-wave OP, can
be achieved. In such a case, as was pointed out in Ref. [21],
if the microwave pulse is suitably tailored, the system might
relax into the metastable triplet state after the pulse. However,
the description of such a scenario within the limits of validity
of the TDGL model requires very close competition between
the dominant s-wave and the subdominant p-wave states. As
can be seen in Fig. 4, the instantaneous and average values
of the ηA1g OP (s wave) can be increased to values above its
equilibrium value. This can be roughly explained as the sum
of terms in the right-hand side of the equation of motion for
ηA1g [Eq. (33)],

2aA1gT1u iη1
T1u

+
(

c1
A1gT1u

ηA1g − c2
A1gT1u

η∗
A1g

) 3∑
i=1

|ηi
T1u

|2,

effectively counteracts the term −A2
xηA1g , which overall de-

creases the effective temperature.
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VI. CONCLUSIONS AND DISCUSSION

We have shown within the generalized GL framework that
triplet and non-s-wave singlet OPs can be generated in an
s-wave SC via microwave irradiation. The generation of the
triplet component is possible only in the presence of SOC,
which enables a linear in spatial derivatives and triplet OP
Lifshitz-type invariant. The coefficient in front of this invari-
ant is expected to be approximately linear in the SOC coupling
when the SOC is relatively weak [21]. After the minimal
substitution procedure, this term brings a linear in the vector
potential and s-wave OP term into the equation of motion for
the triplet OP [see Eqs. (34)–(36)].

For linearly polarized light, the induced triplet OP oscil-
lates around zero average, whereas the induced singlet OPs
acquire a nonzero average rectified component. A nonzero
magnitude of the induced triplet OP can be maintained at
all times by irradiation with a circularly polarized beam; see
Fig. 2(d) and Eqs. (9)–(12). In this case, the values of the
components of the triplet OP oscillate around zero but do not
turn to zero simultaneously.

The presented results further illustrate the utility of stirring
the superconducting state with light, the so-called quan-
tum printing (QP) approach [34], in which the quantum
state or geometrical structure of light modifies the quantum
state of matter. Recently, in the context of superconducting
condensates, the QP approach was exemplified by the dy-
namical induction of vortex-antivortex pairs [24,25] in s-wave
superconductors, excitations of Higgs modes in superconduc-
tors [19,20], and the engineering of a dynamical anomalous
Josephson junction [70] in superconducting circuits via struc-
tured light.

Practical implementations of the proposed ideas would
require a judicious choice of the superconducting material.
From the developed theory, it follows that materials with
strong SOC and closely competing triplet SC states are fa-

vorable for the generation of the triplet OP. Thus, some
transition-metal dichalcogenides (TMDs) and heavy-fermion
SCs could be good candidates. Given the strict range of mi-
croscopic validity of the time-dependent GL theory, this work
is primarily a proof of principle that induction of the triplet
component in a centrosymmetric singlet SC via microwave
radiation is possible. Microscopic calculations are needed to
confirm that our findings remain valid at lower temperatures.
Potentially, the induction of the triplet OP may open a route to
engineering nonequilibrium topologically nontrivial SC states
or new ways to control spin-polarized supercurrents.
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APPENDIX A: DIRECT PRODUCT TABLE

In this Appendix, we show a direct product table in Table IV for the Oh point group.

APPENDIX B: TERMS IN THE LAGRANGIAN NOT SHOWN IN THE MAIN PART

In this Appendix, we provide the rest of constituent parts of the full static Lagrangian density, Eq. (18), not displayed in the
main text:

L∇
T1u,Eg

= aT1uEg

{
1
2

(
Dxη

1
T1u

)∗
η 1

Eg
− 1

2

(
Dxη

1
T1u

)∗
η 2

Eg
− 1

2

(
Dyη

2
T1u

)∗
η 1

Eg
− 1

2

(
Dyη

2
T1u

)∗
η 2

Eg
+ (

Dzη
3
T1u

)∗
η 2

Eg
+ c.c.

}
− aT1uEg

{
1
2 η 1∗

T1u
Dxη

1
Eg

− 1
2 η 1∗

T1u
Dxη

2
Eg

− 1
2 η 2∗

T1u
Dyη

1
Eg

− 1
2 η 2∗

T1u
Dyη

2
Eg

+ η 3∗
T1u

Dzη
2
Eg

+ c.c.
}
, (B1)

L∇
T1u,T1g

= aT1uT1g

{ − η 1∗
T1u

Dyη
1
T1g

− η 1∗
T1u

Dzη
2
T1g

+ η 2∗
T1u

Dxη
1
T1g

− η 2∗
T1u

Dzη
3
T1g

+ η 3∗
T1u

Dxη
2
T1g

+ η 3∗
T1u

Dyη
3
T1g

+ c.c.
}

− aT1uT1g

{ − (
Dyη

1
T1u

)∗
η 1

T1g
− (

Dzη
1
T1u

)∗
η 2

T1g
+ (

Dxη
2
T1u

)∗
η 1

T1g
− (

Dzη
2
T1u

)∗
η 3

T1g
+ (

Dxη
3
T1u

)∗
η 2

T1g
+ (

Dyη
3
T1u

)∗
η 3

T1g
+ c.c.

}
,

(B2)

L∇
T1u,T2g

= aT1uT2g

{
η 1∗

T1u
Dyη

1
T2g

+ η 1∗
T1u

Dzη
2
T2g

+ η 2∗
T1u

Dxη
1
T2g

+ η 2∗
T1u

Dzη
3
T2g

+ η 3∗
T1u

Dxη
2
T2g

+ η 3∗
T1u

Dyη
3
T2g

+ c.c.
}

− aT1uT2g

{(
Dyη

1
T1u

)∗
η 1

T2g
+ (

Dzη
1
T1u

)∗
η 2

T2g
+ (

Dxη
2
T1u

)∗
η 1

T2g
+ (

Dzη
2
T1u

)∗
η 3

T2g
+ (

Dxη
3
T1u

)∗
η 2

T2g
+ (

Dyη
3
T1u

)∗
η 3

T2g
+ c.c.

}
.

(B3)
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Im

FIG. 3. Time dependence [according to Eqs. (33)–38) and (C1)–(C6)] of ηA1g (s wave) (a) and η1
T1u

(py wave in the 2D limit). (b) OPs
for different values of rT1u ranging from −30 to 0.9, under irradiation by a uniform linearly polarized microwave. The TDGL parameters are
given in Table III, except for c2

A1gT1u
= 0 and values of rT1u = r; the dimensionless frequency and amplitude of the microwaves are ω = 1 and

A0 = 0.5, respectively. We demonstrate that the induced triplet component can be as large as half of the initial value of the s-wave component.

TABLE IV. Direct product table for the Oh point group (for binary products only).

A1g A2g Eg T1g T2g A1u A2u Eu T1u T2u

A1g A1g A2g Eg T1g T2g A1u A2u Eu T1u T2u

A2g A2g A1g Eg T2g T1g A2u A1u Eu T2u T1u

Eg Eg Eg A1g ⊕ [A2g] ⊕ Eg T1g ⊕ T2g T1g ⊕ T2g Eu Eu A1u ⊕ A2u ⊕ Eu T1u ⊕ T2u T1u ⊕ T2u

T1g T1g T2g T1g ⊕ T2g A1g ⊕ Eg ⊕ [T1g] ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g T1u T2u T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u

T2g T2g T1g T1g ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g A1g ⊕ Eg ⊕ [T1g] ⊕ T2g T2u T1u T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u

A1u A1u A2u Eu T1u T2u A1g A2g Eg T1g T2g

A2u A2u A1u Eu T2u T1u A2g A1g Eg T2g T1g

Eu Eu Eu A1u ⊕ A2u ⊕ Eu T1u ⊕ T2u T1u ⊕ T2u Eg Eg A1g ⊕ [A2g] ⊕ Eg T1g ⊕ T2g T1g ⊕ T2g

T1u T1u T2u T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u T1g T2g T1g ⊕ T2g A1g ⊕ Eg ⊕ [T1g] ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g

T2u T2u T1u T1u ⊕ T2u A2u ⊕ Eu ⊕ T1u ⊕ T2u A1u ⊕ Eu ⊕ T1u ⊕ T2u T2g T1g T1g ⊕ T2g A2g ⊕ Eg ⊕ T1g ⊕ T2g A1g ⊕ Eg ⊕ [T1g] ⊕ T2g
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Re

Im

FIG. 4. Time dependence [according to Eqs. (33)–(38) and (C1)–(C6)] of ηA1g (s wave) (a) and η1
T1u

(py wave in the 2D limit). (b) OPs for
different values of rT1u ranging from −30 to 0, under irradiation by a uniform linearly polarized microwave. The TDGL parameters are given
in Table III, except for c2

A1gT1u
= 0, c1

A1gT1u
= 0.1, and values of rT1u = r; the dimensionless frequency and amplitude of the microwaves are

ω = 1 and A0 = 0.5, respectively. In this case, the induced triplet component can be as large as about half of the initial value of the s-wave
component, and the s-wave can be enhanced transiently above its initial (equilibrium) value.
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L∇
Eg,T1g

= a1
EgT1g

{
− 1

3 Dxη
1
Eg

(
Dyη

1
T1g

)∗ − 1
3 Dyη

1
Eg

(
Dxη

1
T1g

)∗ − 2
3 Dxη

1
Eg

(
Dzη

2
T1g

)∗ + 1
3 Dzη

1
Eg

(
Dxη

2
T1g

)∗

+ 2
3 Dyη

1
Eg

(
Dzη

3
T1g

)∗ − 1
3 Dzη

1
Eg

(
Dyη

3
T1g

)∗ + Dxη
2
Eg

(
Dyη

1
T1g

)∗ − Dyη
2
Eg

(
Dxη

1
T1g

)∗

+ Dzη
2
Eg

(
Dxη

2
T1g

)∗ + Dzη
2
Eg

(
Dyη

3
T1g

)∗ + c.c.
}

+ a2
EgT1g

{
− 1

3 Dxη
1
Eg

(
Dyη

1
T1g

)∗ − 1
3 Dyη

1
Eg

(
Dxη

1
T1g

)∗ + 1
3 Dxη

1
Eg

(
Dzη

2
T1g

)∗ − 2
3 Dzη

1
Eg

(
Dxη

2
T1g

)∗

− 1
3 Dyη

1
Eg

(
Dzη

3
T1g

)∗ + 2
3 Dzη

1
Eg

(
Dyη

3
T1g

)∗ − Dxη
2
Eg

(
Dyη

1
T1g

)∗ + Dyη
2
Eg

(
Dxη

1
T1g

)∗

+ Dxη
2
Eg

(
Dzη

2
T1g

)∗ + Dyη
2
Eg

(
Dzη

3
T1g

)∗ + c.c.
}
, (B4)

L∇
Eg,T2g

= a1
EgT2g

{
1
3 Dxη

1
Eg

(
Dyη

1
T2g

)∗ − 1
3 Dyη

1
Eg

(
Dxη

1
T2g

)∗ + 2
3 Dxη

1
Eg

(
Dzη

2
T2g

)∗ + 1
3 Dzη

1
Eg

(
Dxη

2
T2g

)∗

− 2
3 Dyη

1
Eg

(
Dzη

3
T2g

)∗ − 1
3 Dzη

1
Eg

(
Dyη

3
T2g

)∗ − Dxη
2
Eg

(
Dyη

1
T2g

)∗ − Dyη
2
Eg

(
Dxη

1
T2g

)∗

+ Dzη
2
Eg

(
Dxη

2
T2g

)∗ + Dzη
2
Eg

(
Dyη

3
T2g

)∗ + c.c.
}

+ a2
EgT2g

{
− 1

3 Dxη
1
Eg

(
Dyη

1
T2g

)∗ + 1
3 Dyη

1
Eg

(
Dxη

1
T2g

)∗ + 1
3 Dxη

1
Eg

(
Dzη

2
T2g

)∗ + 2
3 Dzη

1
Eg

(
Dxη

2
T2g

)∗

− 1
3 Dyη

1
Eg

(
Dzη

3
T2g

)∗ − 2
3 Dzη

1
Eg

(
Dyη

3
T2g

)∗ − Dxη
2
Eg

(
Dyη

1
T2g

)∗ − Dyη
2
Eg

(
Dxη

1
T2g

)∗

+ Dxη
2
Eg

(
Dzη

2
T2g

)∗ + Dyη
2
Eg

(
Dzη

3
T2g

)∗ + c.c.
}
, (B5)

L∇
T1g,T2g

= a1
T1gT2g

{ − Dxη
1
T1g

(
Dxη

1
T2g

)∗ + Dyη
1
T1g

(
Dyη

1
T2g

)∗ − Dxη
2
T1g

(
Dxη

2
T2g

)∗ + Dzη
2
T1g

(
Dzη

2
T2g

)∗

− Dyη
3
T1g

(
Dyη

3
T2g

)∗ + Dzη
3
T1g

(
Dzη

3
T2g

)∗ + c.c.
}

+ a2
T1gT2g

{ − Dxη
1
T1g

(
Dzη

3
T2g

)∗ + Dzη
3
T1g

(
Dxη

1
T2g

)∗ + Dyη
1
T1g

(
Dzη

2
T2g

)∗ + Dzη
2
T1g

(
Dyη

1
T2g

)∗

− Dxη
2
T1g

(
Dyη

3
T2g

)∗ + Dzη
3
T1g

(
Dxη

1
T2g

)∗ + c.c.
}

+ a3
T1gT2g

{ − Dzη
1
T1g

(
Dxη

3
T2g

)∗ + Dxη
3
T1g

(
Dzη

1
T2g

)∗ + Dzη
1
T1g

(
Dyη

2
T2g

)∗ + Dyη
2
T1g

(
Dzη

1
T2g

)∗

− Dyη
2
T1g

(
Dxη

3
T2g

)∗ − Dxη
3
T1g

(
Dyη

2
T2g

)∗ + c.c.
}
. (B6)

APPENDIX C: TDGL EQUATIONS NOT SHOWN IN THE MAIN TEXT

In this Appendix, we write the rest of the TDGL equations not shown in the main text:


T1g Dtη
1
T1g

= rT1g η 1
T1g

+ a1
T1g

D2
xη

1
T1g

+ a2
T1g

D2
yη

1
T1g

+ a3
T1g

DxDy η 2
T1g

+ a4
T1g

DyDx η 2
T1g

− 2b1
T1g

(
3∑

i=1

∣∣η i
T1g

∣∣2

)
η 1

T1g
− 2b2

T1g

(
3∑

i=1

(
η i

T1g

)2

)
η 1∗

T1g
− b3

T1g

(∣∣η 2
T1g

∣∣2 + ∣∣η 3
T1g

∣∣2)
η 1

T1g

+ aA1gT1g

(−DyDx ηA1g + DxDy ηA1g

) + 2aT1uT1g

( − Dyη
1
T1u

+ Dxη
2
T1u

)
+ a1

EgT1g

(
−1

3
DyDx η 1

Eg
− 1

3
DxDy η 1

Eg
+ DyDx η 2

Eg
− DxDy η 2

Eg

)

+ a2
EgT1g

(
−1

3
DyDx η 1

Eg
− 1

3
DxDy η 1

Eg
− DyDx η 2

Eg
+ DxDy η 2

Eg

)

+ a1
T1gT2g

( − D2
xη

1
T2g

+ D2
yη

1
T2g

) − c1
A1gT1g

|ηA1g|2η1
T1g

− c2
A1gT1g

(
ηA1g

)2
η1∗

T1g
, (C1)


T1g Dtη
2
T1g

= rT1g η 2
T1g

+ a1
T1g

D2
yη

2
T1g

+ a2
T1g

D2
xη

2
T1g

+ a3
T1g

DyDx η 1
T1g

+ a4
T1g

DxDy η 1
T1g

− 2b1
T1g

(
3∑

i=1

∣∣η i
T1g

∣∣2

)
η 2

T1g
− 2b2

T1g

(
3∑

i=1

(
η i

T1g

)2

)
η 2∗

T1g
− b3

T1g

(∣∣η 1
T1g

∣∣2 + ∣∣η 3
T1g

∣∣2)
η 2

T1g

+ 2aT1uT1g Dx η 3
T1u

− a1
T1gT2g

D2
xη

2
T2g

− a2
T1gT2g

DxDy η 3
T2g

− a3
T1gT2g

DyDx η 3
T2g

− c1
A1gT1g

|ηA1g|2η2
T1g

− c2
A1gT1g

(
ηA1g

)2
η2∗

T1g
, (C2)
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T1g Dtη
3
T1g

= rT1g η 3
T1g

+ a2
T1g

(
D2

xη
3
T1g

+ D2
yη

3
T1g

) − 2b1
T1g

(
3∑

i=1

∣∣η i
T1g

∣∣2

)
η 3

T1g
− 2b2

T1g

(
3∑

i=1

(
η i

T1g

)2

)
η 3∗

T1g

− b3
T1g

(∣∣η 1
T1g

∣∣2 + ∣∣η 2
T1g

∣∣2)
η 3

T1g
− a1

T1gT2g
D2

yη
3
T2g

− a3
T1gT2g

DxDy η 2
T2g

− c1
A1gT1g

|ηA1g|2η3
T1g

− c2
A1gT1g

(
ηA1g

)2
η3∗

T1g
, (C3)

for the components of the g-wave OP,


T2g Dtη
1
T2g

= rT2g η 1
T2g

+ a1
T2g

D2
xη

1
T2g

+ a2
T2g

D2
yη

1
T2g

+ a3
T2g

DxDy η 2
T2g

+ a4
T2g

DyDx η 2
T2g

− 2b1
T2g

(
3∑

i=1

∣∣η i
T2g

∣∣2

)
η 1

T2g
− 2b2

T2g

(
3∑

i=1

(
η i

T2g

)2

)
η 1∗

T2g
− b3

T2g

(∣∣η 2
T2g

∣∣2 + ∣∣η 3
T2g

∣∣2)
η 1

T2g

+ aA1gT2g

(
DyDx ηA1g + DxDy ηA1g

) + 2aT1uT2g

(
Dyη

1
T1u

+ Dxη
2
T1u

)
+ a1

EgT2g

(
1

3
DyDx η 1

Eg
− 1

3
DxDy η 1

Eg
− DyDx η 2

Eg
− DxDy η 2

Eg

)

+ a2
EgT2g

(
−1

3
DyDx η 1

Eg
+ 1

3
DxDy η 1

Eg
− DyDx η 2

Eg
− DxDy η 2

Eg

)

+ a1
T1gT2g

(
−D2

xη
1
T1g

+ D2
yη

1
T1g

)
− c1

A1gT2g
|ηA1g|2η1

T2g
− c2

A1gT2g

(
ηA1g

)2
η1∗

T2g
, (C4)


T2g Dtη
2
T2g

= rT2g η 2
T2g

+ a1
T2g

D2
yη

2
T2g

+ a2
T2g

D2
xη

2
T2g

+ a3
T2g

DyDx η 1
T2g

+ a4
T2g

DxDy η 1
T2g

− 2b1
T2g

(
3∑

i=1

∣∣η i
T2g

∣∣2

)
η 2

T2g

− 2b2
T2g

(
3∑

i=1

(
η i

T2g

)2

)
η 2∗

T2g
− b3

T2g

(∣∣η 1
T2g

∣∣2 + ∣∣η 3
T2g

∣∣2)
η 2

T2g
+ 2aT1uT2g Dx η 3

T1u
− a1

T1gT2g
D2

xη
2
T1g

− a3
T1gT2g

DyDx η 3
T1g

− c1
A1gT2g

∣∣ηA1g

∣∣2
η2

T2g
− c2

A1gT2g

(
ηA1g

)2
η2∗

T2g
, (C5)


T2g Dtη
3
T2g

= rT2g η 3
T2g

+ a2
T2g

(
D2

x + D2
y

)
η 3

T2g
− 2b1

T2g

(
3∑

i=1

∣∣η i
T2g

∣∣2

)
η 3

T2g
− 2b2

T2g

(
3∑

i=1

(
η i

T2g

)2

)
η 3∗

T2g
− b3

T2g

(∣∣η 1
T2g

∣∣2 + ∣∣η 2
T2g

∣∣2)
η 3

T2g

− a1
T1gT2g

D2
yη

3
T1g

− a2
T1gT2g

DyDx η 2
T1g

− a3
T1gT2g

DxDy η 2
T1g

− c1
A1gT2g

|ηA1g|2η3
T2g

− c2
A1gT2g

(
ηA1g

)2
η3∗

T2g
, (C6)

for the T2g components (dxy, dxz, and dyz) of the d-wave OP.

APPENDIX D: COEFFICIENTS FOR THE CONDENSED FORM OF THE LAGRANGIAN

In this Appendix, we provide values for the coefficients Qαβ
μν,i j and Pαβ

ν,i in Eqs. (39) and (40):

Qii
T2gT2g,ii = a1

T2g
, Q22

T2gT2g,11 = a2
T2g

= Q33
T2gT2g,11 = Q11

T2gT2g,22 = Q33
T2gT2g,22, Q12

T2gT2g,12 = a3
T2g

,

Q21
T2gT2g,12 = a4

T2g
, else Qαβ

T2gT2g,i j = 0,

Q11
T1gT2g,11 = −a1

T1gT2g
= −Q11

T1gT2g,22 = Q22
T1gT2g,11 = Q33

T1gT2g,22, Q23
T1gT2g,12 = −a2

T1gT2g
,

Q23
T1gT2g,21 = −a3

T1gT2g
= Q32

T1gT2g,12, else Qαβ
T1gT2g,i j = 0,

Qii
T1gT1g,ii = a1

T1g
, Q22

T1gT1g,11 = a2
T1g

= Q33
T1gT1g,11 = Q11

T1gT1g,22 = Q33
T1gT1g,22, Q12

T1gT1g,12 = a3
T1g

,

Q21
T1gT1g,12 = a4

T1g
, else Qαβ

T1gT1g,i j = 0,

Q11
EgT2g,12 = 1

3

(
a1

EgT2g
− a2

EgT2g

) = −Q11
EgT2g,21, Q21

EgT2g,12 = −(
a1

EgT2g
+ a2

EgT2g

) = Q21
EgT2g,21, else Qαβ

EgT2g,i j = 0,

Q11
EgT1g,12 = − 1

3

(
a1

EgT1g
− a2

EgT1g

) = Q11
EgT1g,21, Q21

EgT1g,12 = a1
EgT1g

− a2
EgT1g

= −Q21
EgT1g,21, else Qαβ

EgT1g,i j = 0,

Q11
EgEg,11 = a1

Eg
− a2

Eg
= Q11

EgEg,22, Q22
EgEg,11 = a1

Eg
+ a2

Eg
= Q22

EgEg,22, Q12
EgEg,11 =

√
3 a2

Eg
= Q21

EgEg,11,

Q12
EgEg,22 = −

√
3 a2

Eg
= Q21

EgEg,22, else Qαβ
EgEg,i j = 0,

Q11
A1gA1g,i j = aA1gδi jδαβ,
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Q11
A1gEg,11 = 1

2 aA1gEg = −Q12
A1gEg,11 = −Q11

A1gEg,22 = −Q12
A1gEg,22, else Qαβ

A1gEg,i j = 0,

Q11
A1gT2g,12 = aA1gT2g = Q11

A1gT2g,21, else Qαβ
A1gT2g,i j = 0,

Q11
A1gT1g,12 = −aA1gT1g = −Q11

A1gT1g,21, else Qαβ
A1gT1g,i j = 0. (D1)

P i1
A1g,i = aA1gT1u , else P αβ

A1g,i
= 0,

P 11
Eg,1 = 1

2 aT1uEg = −P 12
Eg,1 = − P 21

Eg,2 = −P 22
Eg,2, else P αβ

Eg,i
= 0,

P 11
T2g,2 = −aT1uT2g = P 21

T2g,1 = P 32
T2g,1 = P 33

T2g,2, else P αβ
T2g,i

= 0,

P 11
T1g,2 = aT1uT1g = −P 21

T1g,1 = −P 32
T1g,1 = −P 33

T1g,2, else P αβ
T1g,i

= 0. (D2)

APPENDIX E: DENSITY PLOTS FOR THE TIME EVOLUTION OF OPS

In this Appendix, we provide density plots for the absolute values of the s-wave ηA1g , d-wave η1,2
Eg

, and p-wave η1,2,3
T1u

OPs
under incident linearly polarized microwave beams at t/T ≈ 0.25, 0.5, 0.75, and 1, shown in Figs. 5–8, respectively, and
under circularly polarized microwave beams at the same times, shown in Figs. 9–12, respectively. They show that the induced
subdominant order parameters are localized predominantly within the beam spot and exhibit a nontrivial spatial structure.

FIG. 5. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident linearly polarized

microwave beam at approximately one quarter of the microwave cycle, t/T ≈ 0.25, where T is the period of the microwave. Coordinates on
the thin film are given in units of ξ .
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FIG. 6. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident linearly polarized

microwave beam at approximately half of the microwave cycle, t/T ≈ 0.5, where T is the period of the microwave. Coordinates on the thin
film are given in units of ξ .

FIG. 7. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident linearly polarized

microwave beam at approximately three quarters of the microwave cycle, t/T ≈ 0.75, where T is the period of the microwave. Coordinates on
the thin film are given in units of ξ .
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FIG. 8. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident linearly polarized

microwave beam at approximately one full microwave cycle, t/T ≈ 1, where T is the period of the microwave. Coordinates on the thin film
are given in units of ξ .

FIG. 9. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident circularly polarized

microwave beam at approximately one quarter of the microwave cycle, t/T ≈ 0.25, where T is the period of the microwave. Coordinates on
the thin film are given in units of ξ .
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FIG. 10. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident circularly polarized

microwave beam at approximately half of the microwave cycle, t/T ≈ 0.5, where T is the period of the microwave. Coordinates on the thin
film are given in units of ξ .

FIG. 11. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident circularly polarized

microwave beam at approximately three quarters of the microwave cycle, t/T ≈ 0.75, where T is the period of the microwave. Coordinates on
the thin film are given in units of ξ .
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FIG. 12. Density plots for the absolute values of s-wave ηA1g , d-wave η1,2
Eg , and p-wave η1,2,3

T1u
OPs under an incident circularly polarized

microwave beam at approximately one full microwave cycle, t/T ≈ 1, where T is the period of the microwave. Coordinates on the thin film
are given in units of ξ .
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