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Induction of p-wave and d-wave order parameters in s-wave superconductors with light pulses
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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 O, 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 er 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 7;.. Subsequent ex-
periments on SC films measured an increase of 7, 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 7, [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 s;, 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 O; 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-TaS, [36,37].

The paper is structured as follows: In Sec. II, we recapitu-
late how the superconducting gap transforms under symmetry
operations. In Sec. IIl, we construct a generalized time-
dependent Ginzburg-Landau model for the Oj-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. VL.

II. TRANSFORMATION PROPERTIES OF THE
SUPERCONDUCTING GAP

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

A(k) = i[ogy (k) +d (k) - oloy, (1

where oy is the 2 x 2 identity matrix and o = (oy, 0y, 0;) is
the vector of Pauli matrices. The terms with (k) and d (k)

correspond to the singlet and triplet pairings, respectively. The
group of symmetries is G = G x SU(2) x 7 x U(1) in the
absence of SOC. This is reduced to G = GP x T x 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), G” is its double group, and 7 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,t,s = CD(go)k.s> gsC,t = Dy (gs)ck,

Tex = —ioye_k, Deps = ey, )
where gop, 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. Dy »

is the two-dimensional spin-% representation of SU(2). There-
fore, their actions on the gap function are

goAlk) = A(D™(go)k),
gsAk) = Dy a(gs)" Atk)D1o(gs),
TA(k) = o,A(~k)*o,, DAk)=e"®Ak).  (3)
These operations can be rewritten for (k) and d(k) in
Eq. (1):
goY (k) = Y (D™ (g0)k), god (k) =d (D™ (go)k),
gs¥ (k) = y(k), gsd(k) = D" (gs)d(k),
Ty k) =y (=k)*, Tdk) = —d(—k)",
DY (k) = Py (k), Pd(k) = e*?d(k), €

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

gosA(k) = D)5 (g0s)" A(D™ (g0s))DY )5 (80s),  (5)

where gos € GP, D?/z is a 2 x 2 spinorial irrep of the double
group G, and we instead have

gosy (k) = ¥ (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 [, the gap
function can be expanded in the basis functions of the D,
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representation as

! I
Ak) = Z cmYim(k)ioy = Z cnn, )
m=—I m—=—I
and for odd /
l
A = Z Z CmnYlm(k)i(O"l”\l)O'y, (8)
m=—1 A=%.9,2

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

3
Ap = Z Z PiotAior (9)
i=1

a=x3,2

Transferring the transformation properties to the coeffi-
cients, we want to form an invariant that couples s and P,
and contains derivatives that transform according to the D;
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

Iy =5 V"P" — 5D (30)V"D " (g0) - D*" (g5)P".
0,85
(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 €; i, using RTR =1anddetR = 1, where Ris 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) x 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 [ now
transforms according to

D; ® Dy = Dy, (11)
and for odd [ as
Di®D1=Di—1 D, & Diy1. (12)

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

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

IV = a,-jas*a,-Pja + c.c.
o aijaSD:f(gOS)ai’D;j/m(gOS)D;La/m(gOS)Pj’a’ +c.c,
(13)

where a;j, 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 DT = 1 can be
rewritten in the form

+pt Dt —
eijkDi[’Djj’Dkk’ = €jj'ks (14)

where ¢€;j; is the totally antisymmetric tensor, it is easy to see
that a;jo ~ €;jq. Given that Iy is integrated over the volume in
the Lagrangian, using integration by parts, it can be rewritten
in an antisymmetric form

IV ~ Eija[s*E)ina — (8,'S*)Pja + C.C.]. (15)

An important feature of this Lifshitz-type term is that it in-
troduces terms of zeroth order in P, 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 g;;, 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. 0, symmetry with SOC

We proceed by constructing a theory for the case of cubic
symmetry with inversion center O;, and nonzero SOC. Oy, has
five even and five odd representations, with the corresponding
basis functions given in Table I. The gap function in the T’
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TABLE I. Irreducible representations and their corresponding basis functions A’f [38]. For even irreps, A’f = ioyYr(k), and for odd irreps

Al = i[o - dL.(k)]o,.

Trrep I Basis functions Trrep I Basis vector functions
Alg Ya, () =1, kF + &y + k2 Al da,, (k) = &y + ky + 2k,
Azg Vit () = (k2 = kD) — kD2 — &) Az dpy, (k) = She (k2 — k) + 9ky (k3 — k2)
2k (ky = k7)
Eg (11, (k) = 242 — 5 VE® E, df, (k) = 22k, — &k, — $ky, d3, (k) = ~/3(kk, — $k))
=3 (k% :
Tig [t]w}lg(k) = kykz(kyz - kg), w;lg(k) = koky Tiu dy, (k) = 3k, — 2ky, di (k) =2k — fk;, df, (k) = fky — ks
(K — k7). v, (k) = koky(kf — k)
Tog [z]«//;zg (k) = kyke, %g (k) = k:ky, Ip;zg (k) Doy dr, (k) = Pk, + 2ky, d7, (k) = Zky + fk, d, (k) = fky + Pk

= kek,

representation can be written as
(16)

dr
A= Z nhAL,
i=1

where dr is the dimension of the representation I'.

1. Ay, to triplet

We start by forming invariants linear in gradient, singlet (s-
wave) A, 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 A, (s-wave) and T;, (p-wave) irreps. In-
deed, given that the components of V transform according to
Ty, irrep, for the invariant term of the structure (94,,)*(Vr,)
to exist, there should be a trivial irrep in the decomposition
of Aj;, ® T1, ® I'y. 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
G Wi e, — (Bum3 ..
M3, OMa, — By ), + c.C.
nA zr]Au (aznA )nAu+ C.C.
G Wy, Beni, — (Bum na, + ..
nAg dynp, — (8v7)A )ng,+ c.c.
M3, 004, — (0213 M4, + C.C.
Dz 4, 05718y, — (13 )y, + C.C.
r]:gayr}Bz,‘ - (8yn:g)7’]32u+ C.C.
M4, 0208y, — (13 Iy, + c.c.
Cup Se (or C3;) ”:g(axﬁéu + 3y77125“) - ((3;(77:‘2)772“ + (3yn:g)n125u )+ c.c.
n}, Bz, — dyn,) — (@m0, — Bym; Inp, )+ c.c.
'7A 9:na, — (9, TIA Ma,+ c.c.
Dy, D3 n4, Beg, + mg,) — (@ Ing, + @y, Ing, )+ c.c.
My, 0Ty, — (313, Iy, + C.C.
o i (0nl, + 0,02,) = (e by, + @y, ), )+ e
ns, @eng,, — dng,) — (@i g, — @i g, )+ cc.
13,0214, — (0213 I, + c.c.
D()h nzlg(a"nflflu + aynl%:]u) - ((axn‘zlg)n]Elu + (3y77:1g)771251u)+ ¢.c.
May, Oy, — (03, Iy, + C-c.
Ty M, By, + 307, +3:n7,) — (@uny Ing, + B3 Ing, + @an} g, )+ c.c.
O, 4, @iy, + 8ym7,, + 8, ) — (@i Ing,, + @3 Ing,, + (@enz, Jng, )+ 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 I, = Ty,. For an O, 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. Ay, 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 Ay, irrep and
using ellipses for all other terms) A, ® T, ® T, ® Iy, using
Table IV,

Alg A1g+

A2g
A1g®Tlu®Tlu® Eg = A1g+"' ) (17)

Tlg A1g+"'

ng A1g+

we find that couplings to all other singlets, except for
Ay,, are possible. Again, because such terms are linear in
nr,, such invariants will yield terms independent of nr, 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 (A1,) OP could be coupled via vec-
tor potential to the Ti, (p-wave), E; (d>_y» and d2), Tlg
(g-wave), and To, (dyy, dy;, and d,;) 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.

£Alx = rAlg }nAlg|2 + ZaAlx |l)"77Alg|2 + bAlg |nAlg

i

3 3
Lr, =rn, Y |nh " +ab, S |Dmg, |* + b, (IDend,
i=1 i=1

+ aTl [(D

L [Dend, [P + Dy [P + [y,

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
Ly=Y Lr+ Y Lar+Lng +LrnLrm,
rer, rer’,

+ Ler, + Leg, + L1150 (18)

where I', is the set of 77, and all even irreps of the group,
excluding Ayg, and the prime in the superscript of the sum
means excluding A, from the sum. Lr’s are given by [38]

§ (19)

)

4 [Denf |* + D,

) (Dng,) + (Dynz, ) (Dang,) + (Den7, ) (Dang,) + cc.]

1
T
+ay, [(Dan7,) (Dyng,) + (Dyn, ) (Danz,) + (Dong,)" (Deng, ) +c.c.]

2

3 2 3
2
Tlu Z|’7Tm Tlu Z ”le,
i=1 i=1

+ 63, (I, [[nf,

2 2 2
+ [z, Iz,

L g P,

2
= TE, Z|”E| "'aE ZZ|DJ”E| + by <Z|”E| ) + by, (’75*’75 —77E ’75)

j=1 i=1
+ a2 {2(|Dnl " = [Dank |*) = (|Denk | = |Ds

+ 3 ((Dang ) (Deng,)”
‘CTlg = ‘CTIM ‘Cng = ‘CTIM

Tw—Tig’ Tiu— T’

2 2
ne|") = (IDwng,|” -

= (Dyng,)(Dyni,)" + e},

ivalE | )

(20)
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where D; = 0; —

other irreps as the sum of the gradient and uniform parts, Ls, r = La,,

3

v
£A1gleu
i=1

= a1, Z {n;ilg D"n7i"1u

i2e/h - A; is the covariant derivative, and e is the electron charge. Representing the terms that couple A, with

V4L, lgr“, for the gradient parts, we obtain

— (Dina,,)" i, +cc, (21)

v 1 1)* 1 2\* 1 1\*
LAlngg = aAlgEg[i(Dang) Danlg - E(Dang) Danlg - E(DynEg) DynAlg

— 1(Dy2) Dyna,, + (Den2 ) Dena,, +c.c.}. (22)

= aAlngg{

+ DznAlg (Dxn%lg)* -

v
‘CAlg,Tlg

— Dyna,, (Dynrllg)* + Dyna,, (Dan‘]g)* _

Dyna,, (Dznﬁlg)* + D.na,, (Dyn%g)* +c.c.}, (23)

D)CnAlg (Dznjz“lg)*

‘CXlg,ng = aAlgTZg{Danlg (Dynleg)* + DynAlg (D"nleg)>k + Danlg (Dzn%zg)*
+Dona,, (Denz, )" + Dyna,, (D)™ + Dona,, (Dyn7,,)" +c.c.}, (24)

and for the uniform parts £ 4,0 We use

Alx Alg nAlxi Zinri

dr

2 2
+ Capr | My, Z

i=1

‘y O Z . (25)

where dr is the dimension of the I irrep. When I' = Ty, there
are no other invariants quartic in OPs. In particular, there are
no invariants cubic in 57, and linear in n,4,, since the inversion
symmetry requires an even number of ungerade irreps enter-
ing the invariant. When I is gerade, there are invariants cubic
in pr and linear in 74, . However, we do not include them
here, as they are of higher order in nr. 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]

SF
snx’

FsDtns = - (26)

where F' = f dx L is the free energy, D, = 0, + i2e/h - ¢ is
a covariant time derivative, in which ¢ is the electric potential,
and Ty is the relaxation coefficient. It is microscopically jus-
tified for gapless superconductors close to 7,.. A generalized
TDGL model was derived microscopically for dirty gapped
s-wave superconductors near 7, [59,60]. Equation (26) can be
obtained by introducing the Rayleigh functional [61]

R= [ dsT, D, P @7

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

i

most general quadratic, gauge-invariant Rayleigh functional:

ke [ 3 riout) o)

pell, i, j=I1
i#]
d
[ S LY e om. e
u.vel" i=1 j=1

To preserve rotational invariance of the time-derivative terms,
we have to set F,u, =0 and Fv =I',4;;.

IV. TDGL EQUATIONS

A. Equations of motion
The equations of motion are given by
8L 8L SR
— — 0 — + .
Snir T 8(a;mi) - 8(dmi)
We explicitly write these equations in dimensionless units.

The dimensionless coordinate, time, vector potential, and cur-
rent are

r Zr/S’t/ =t/707A/ ZA/A()’J./ zj/j07¢/ =¢/¢0’ (30)

where £ is the coherence length of the pure s-wave uniform
SC, 19 = oo A2 is the magnetic diffusion time over the Lon-
don penetration depth A in the s-wave SC, where  is the
vacuum permeability, o is the normal conductivity, X is the
magnetic penetration depth of the pure s-wave SC, Ag = £B»,
where B, = ®(/(2£?) is the upper critical magnetic field of

=0. (29)

the pure s-wave SC, j, = EBcz/(;L()kz), and ¢g = & jo/o. The
dimensionless GL parameters are
, Fv ’ o, i/ br\/
FU = —, rl—,v = . l—,v = —,
TO(_ rA]g) Tay, bAlg
ai o ar, a/ _ ar,r,
N, = 22/, .. v T, = 27 v
E2(=1a,,) . §(—ra,,)
ar,r i 1 CAT
/ _ uly i _ 1gly
ar,r, = 52(_rA )’ CAIng - ba ’ €1y}
uA T 1g Is
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and the covariant derivatives in the dimensionless units are
/o al _ aAl /o ql ./
D, =0; —iA;, D, =0, +i¢".

(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

Z 2 2 Z i
1—‘A]g DTnAlg = rAlg nAlg + aA]g Di nA]g - bA]g|nA]g| nAlg + 2aAlgaT]u <_ Di n}lu)
i

i

1 2 1 2. 2 2 1 2.2
+ z aAlgaEg(Dang - Dang - DynE)E - DynEg)

+ aAlg'Tlg( - DXD)’ 7771“1 + Dny )771"1 ) + aAlgleg(Dny rhl"zg + D)’DX n71-2g)

- Z CAIFZ|UF| Ny, — ZCAII‘Z Alg

rerl’, rerl’,
for the s-wave OP, where A, = 1, aa,, = 1, and bA]g =1,

1 1 1 2,1 2 2.1 3 2 4 2
I'r, Ding =rgn, 0y +ap Ding +ar Ding +ay D:Dyny +ap DyDyny
lu lu lu lu lu y lu lu lu lu lu

3

3
o, (Z i, |2) o~ 28, (Z <nzu>2) Sy
i=1

ARk

2
77Tlu
i=1
+ 2aa,1,, Dxia,, + ar,,5(Dang, — Dang ) + 2ar, 1, Dyng, — 2ar,z, Dyng,
1 29 2 21
- CAlgTI,,’”Ang’ N1, — €Ayl (”AIL) .
Ur, Ding, = rr, 0, +ap, Ding, +ay, Ding +azy, DyDing, +ar, DiDyng,
3

o, (Z |n;;,4|2)n%m o, (Z <nzu>2)n%:; (b P+ D,
i=1

i=1
+ 2au,,1,, Dyna,, + ar,e( — Dyng, — Dyng ) — 2ar, 1, Dxng, — 2ar,z, Ding
AT PyTA ThuEq IE, YIE, T Tig P77, 71, Tog Py,

22 2 2 2«
nAlg’ 1.~ €Ay T (nAlg) U

1
CAlngu

Tr, Ding,, = rr, 07, +az, (D3 + Dy)ng,

3 3
—zbal,(zw)nn o5, (Z () )n;:—b%,‘(wf
i=1 i=1

+ 2ar,1,( — Deng, — Dyng,) + 2ar,n,( — Dang, — Dyng, )

+ |n7,

2 3 2 2 3y
nAlg‘ ., — CAlgT]u (nAlg) "1,

1
CAlngu

for the components of the p-wave OP, and

3
1 1 1 2.1 2 2.1 2.1 2.2 2.2
FEthnEg:rEgnEg+aEgZDinEg+aEg(_Dang_Dyr)Eg—}_\/ngnEg_\/gDynEg)
i=1

2
— 2by, (Z Inéglz>n — 2bg (ng*ng, — nitng )z,

i=1
1
+ 2 aAlg s'(D nAlz DgnAly) aTlu (Dan]u Dyn%lu)
1 1 1 1 1 2 1 1 1 1
+ aEngg —ngDyT]Tlg — gDnynTlg + ClEngg _gDXD.Vr’T]g — gD}vaT]Tlg
1 1 1 1 1 2 1 1 1 1
+ ag,z, ngDy’szg - gDnynng +ag, _ngDY”ng + gDyDXnng

—ch el 'nk = & g (na,) 0k
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3

2 2 2 2

Ug, Ding, = re, g, + a}gg Z Ding
i=1

—2by, (ZME! )nE + 207

i=1

1 2
+ ZaA,& ( —-D T)Alg

1 1
+ aEngg(Dny 7,

1 1
+ aEgng( - DD, 1,

1 2 2 2
- CAlgEg|nAlg| nEg - CAlg

for the E, (d.

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

’CHV = qu ij (D n,u) DJnU ’ with Q;w ij sz,ji (39)

and to the triplet-to-singlet couplings as
Ly, = P [(Din% ) 0 — 0% Dinf + c.c.]. (40)

The values for Qaﬁ and P*# are given in Appendix D. For
the SC current dens1ty, we ﬁnd

4e ax de.  ba_ax p
Jsi = —ImQM Dl — - P mng,. (4D

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

J =1Js+Jju, where

A
Jn=0E = —0 (V¢ + 5) (42)

The electric potential ¢ is then found from the continuity
equation

V.j=0, (43)

in which the charge-neutrality condition dp/dt &~ 0, where p
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
/ /
V2/¢’ =V .j/ - M (44)
at’
In the dimensionless units, the expression for current is
the same as in Eq. (41), except for the absence of the 4e/h

coefficients, and the expressions for dimensionless Q TR

the same as Q v,i; With the dimensional parameters being sub-
stituted with the corresponding dimensionless (primed) ones.

2 (12
T aEg(Dxn

D}na,,) — an,e(—Ding,
= DyDy g ) + agz, ( —
— DyDy nrlzg) + a%ngzg( -
g (1) 0% (38)

—y and d») components of the d-wave OP. We write the rest of the TDGL equations in Appendix C.

2 2 2 2 2
i+ Ding +~3Dn; —/3Dn)

g Mg, — Mg Mg ),

2
- D—ynTlu)
D.D, nTl]g + D,D, n}lg)

D.Dy ng, — DyDinyg,)

(
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 1}, 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], ie., F = [d?xLy + Fuur. We assume Fy,r = 0 here,
which is the case for a boundary with an insulator [62-65].
Then the boundary conditions take the form

ni(thé,iijnv Pﬁa”m) =0,
n; P"‘ﬁ =0, (45)

where n; 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:

=0, i=1...3
Mg, =0, i=12
Mpe=0, i=1...3
Mppe =0, i=1...3 (46)

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

n- DT]Alg =0. (47)

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

A\ oA =0 48
n~< ¢+¥>— , (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 da,,m, can be comparable to as,, and alTlu 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 ', = I" = 1 for simplicity.

Ajg Cay, = Lira, =10, =1l,a4, =1,a4,n, =1,a4,5 =1 a4,1, =1, a4, =1
_ 204 — 2 _1..3 _ 4 _ 1112 —1 13 — _ _
T, In, =Lrp, =-30a;, =11,a;, =lia; =12,a; =11, leu =1, bT],, =1, bT],, = l,an,e, = 1. ar,n, = 1.2,
_ 1 _ 2 —
an, 1, = L, CargTie = €A, =
E g, =1,re, =—40,a.. =1.05,a%2 =1,b, =1,b% =1,al =1.1,a%2, =1,a =1.1,a%, =105
8 Ee = D TE = VB T T MEy T D VEy T 0 VEy T T BB T Tt VEgTg T T VB Dy T T MEgTy T
1 2 —
CAls'Eg - CAlgEg =1
— — 1 _ 2 __ 3 4 ) 2 __ 3 1 — 2 —
Ty, Iy, =1,rp, = =50, ar, = 1’aT1g = 1.05, ar, = 1.1,aT]g =0.95, leg =1, leg =1, bT]g =1, an.m, = 1, a7, 1, = 1.1,

3 _ 1 _ 2 _
a1, = 1.2, Carghiy = ChigTiy = 1

Ty, Tp, = 1,75, = —60,a}, =09,a}, =0095a}, =085a}, =08b, =1b} =15} =1,

1 _ 2 _
ChigTry = CArgTry = 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 X-polarized mi-
crowave with dimensionless frequency w = 1 and amplitude
Ap = 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 — T.| < T, 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 T’ A K Tg ! [58,60], where 7z is the inelastic electron-
1, kgT?
he3°
®p is the Debye temperature. For low-temperature supercon-
ductors such as Nb, 7, LS 10%s~!; for superconductors like

J

phonon scattering time. For clean systems, 1 where

NbsAl and MgB,, rE_l could be ~10'%~!; and in cuprates
;! could be ~10'! s7!. In dirty superconductors, 7' might
be larger [66]. For example, for dirty NbN thin films
7' ~ 10" 57! 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, aa, 1, in a honeycomb lattice with
Kane-Mele spin-orbit coupling model is of the same order as
the coefficients for the s-to-s, Ay, and p-to-p, alTlu, gradient
terms in L4, and Lg,,, respectively [69]. We also set the
relaxation coefficients for each SC component to be the same,
ie., I, =T.

To gain analytical insight, assuming that the change in ny,,
dna, =1 —na,, and the induced components are small, we
solve approximate decoupled equations, where the ls now
stand for the unperturbed value of Ny,

Cadinay, = (1 =03, ) na, — AT na,s (49)

Fled,n;lu =rr, n}lu — alT]u Ai n}lu —2ap,7, A 1 — /lhngu an]u + Cfx,ngy 17;]* (50)
FTludln%u =T, n%u - a%uA n%lu - C‘ngTlu n%u - cfz\lngu n%t’ GDh
Cr,ding,, =, n7,, = a5, AL, = Con, M, = Chyn, T, (52)
Trdmg, = re, g, — 3 aa e, Ar - 1=y g M — Ch g ME (53)

FEgd,nég =g, ’7?53 + Lang AL 1— cflthg nég - szngEg né’:, (54)

omitting the ones for Uirlg and niTz L as these components remain essentially zero for the chosen parameters.
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1.00
0.98
0.02
0.96
— 094 —~ 0.00 \
<092 = ful
- — Fu
0.90 & —0.02 _
0.88 — no gradients —0.04 — no gradients
0.86 — no gradients, approximate — no gradients, approximate
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
t/T t/T
(b)
0.00 0.10
\ —Re(na,) =1 —Im(ny,) —Im(n,,)
—0.01p —~ 005
= |- E
X _ - SO SN
£ E NSNS
~ —0.03 . 3
— no gradients ~ _005
—-0.04 — no gradients, approximate
-0.10
0.0 0.5 1.0 15 20 0.0 0.5 1.0 15 2.0
t/T t/T

() (d)

FIG. 2. (2) Ina,,| (s wave); (b) Im(anlu) (p wave); (c) Re(n'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 Egs. (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 111, the dimensionless frequency and amplitude of the microwaves are
o =1 and Ay = 0.5, respectively, the waist of the Gaussian beam is wy = 4&, and the side length of the thin square film is / = 20£. (d) Time
dependence of the values of n4,, (s wave), ’71T1u (p, wave in the 2D limit), and n%“ (p, wave in the 2D limit) order parameters at the center of
the circularly polarized Gaussian beam with waist wy = 4£. The TDGL parameters are given in Table III, the dimensionless frequency and
amplitude of the beam are w = 1 and Ay = 0.5, respectively, the waist of the beam is wy = 4&, and the side length of the thin square film is

| =20§&.

The solutions to Egs. (49)-(54), linearized in 874, are

A2 L /\(2) sinQwr) t 2 A%’l _A% sinry)
y T 40T . Iy 3T T

Na, () =1— =L Mg Mg T T / sin(wty)e™s 2T T gy

FA]g 0

A2 ap A3 t ar A2 ar A2
S g (S Vi A VAR Y P . —T (G 1y — w0 g 0 Gin g
U;ll,(f) = —ie' M 2 4 (20t)) 2ay,,1,, Ao sin(wty) e 1, P = =5 h=—4 o) gy,
0

ng, (1) =3, (1) =0,

an, 5, A} 40T &5/T5 —40?TL — 7 + T cos(2wt) — 275, @ Ty, sinot)

1 2
t) = t) = s
e, (1) e, () 4 Pz, + 4Fg, 0 Tg
Ny, (1) = g, (6) = n3, (1) = 0, ng, (1) = 03, (1) =3, (1) =0, (55)

Where VT“, = rT]y — (CAlngu — CA]ngu) and }"Eg = }’Eg — (CAlgEg + CAlgEg).
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2 sin(Qwi a ar, A2 . -
— TR < g and | sy _ o (Qer)| < |7, 1], then
t)=1- A—%’(aﬂr2 e M — (1 4+ @I ) + coswr) + wla,, sinQawt))
=T R ) A e i !
Ig
2A0a N
M (D) = —i 50 (g, e T 4 Ty, cos(or) + 7, sin(en), (56)

272
1, to FTlu

respectively.

The solutions have the form nr(¢) = fr(t)gr(¢), where
Jfr(t) — 1 ast increases and gr(¢) is a periodic function with
period T = 7 /w. Averaging over the period T in the region
where fr(t) ~ 1, from Egs. (49)-(54), we find values of nr
about which oscillations occur:

A
'7A1g0 - 4+A(2)’
1,0 = 0,
aa
)’]égo = _7712~Jg() = ]g 5A0 (57)

Eg

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

A2
0 [cos(¢1) + @T'4,, sin(¢)],  (58)

8 =
14,,0 4(14_0)21*3‘1&')
. 2A0aa,,1, L
B0 = i s [@D'r, cos(g) + 7, sin(@2)]. (59)
T T
Ala
1,2 0%ALE - .
S = _—4(% ~ 40);%) [Fg, cos(3) — 2wk, sin(¢3)].
(60)
where ¢ = arctan(wl'y,,),  ¢2 = arctan(_ - Ty , 3=

20T
arctan(g).

When 2 T‘" « land > E‘ <1,
2A0aA] T rT]
877T ~Ri————"—>" and
Iu 2]u + wzr%lu
87’)1’ ~ A(Z)aAlgE.erEx
B0 47 4407} )
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 [ = 20& subjected to a linearly po-
larized Gaussian beam with frequency w/I"~! = 1 and waist
wo = 4& 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 ¢. The
corresponding vector potential is given by

2

A(r,t) = Age "3 sin(w?)R. (61)

In Figs. 2(a)—2(c) we plot the absolute values of 77A. , the
imaginary part of ’7T1 and the real part of nE ~ —nE 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 Egs. (49—(54). The imaginary part of '7A1g’
the real part of ’7T1 and the imaginary part of 7} E, ™~ —nE in
the center of the film remain almost zero. The absolute value
of 77T|u reaches an appreciable nonzero value away from the
center of the film, but still about 20 times smaller than the
maximum value of 77%1”. 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 Egs. (9)—(12).

In Figs. 3 and 4, we plot the time dependence of the
Re(na,,) and Im(n7,,) OPs for different values of rr,, ranging
from —30 to 0.9 and from —30 to 0, respectively, for the
incident uniform linearly polarized microwave with dimen-
sionless w = 1 and Ag, = 0.5. For these plots, we use the
same values of TDGL parameters as before given in Table III,
except that we set cﬁlngu = 0 for simulations in Fig. 3 to
ensure that in the absence of perturbations the ground state is
purely s wave for r;, > 0, and for data in Fig. 4, we addition-
ally set c}1 T = 0.1. As can be seen, for values of |r7,, | < 1,2
51gn1ﬁcant amplitude of the ny1 OP (p, 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 na,, 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
na,, [Eq. 33)1,

-1 1 2 * i 2
zaAlelvlnTlu + (CA]gT]unAlg - CAlngunAlg> Z |nT]u| ’
i=1

effectively counteracts the term —Afanlg, 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 Eqgs. (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 Egs. (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-

J

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.

ACKNOWLEDGMENTS

We gratefully acknowledge helpful discussions with G.
Cardoso, S. Gassner, S. Karabatsos, I. Khaymovich, A. Talka-
chov, and T. T. Yeh. This work was supported by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences under Award No. DE-SC-0025580 (A.B. and
H.Y.). H.Y. was also supported by the European Research
Council under the European Union Seventh Framework ERC-
2018-SYG 810451 HERO, the Knut and Alice Wallenberg
Foundation KAW 2019.0068. The development of the code
is supported by DOE Award No. DE-SC-0025580.

A.B. and H.Y. are responsible for the concept, calculations,
and writing of this paper.

DATA AVAILABILITY

Data sets are available from the corresponding author on
request. Movies of the simulated dynamics of a SC condensate
in a 2D film irradiated by linearly and circularly polarized
Gaussian beams and the Python code are available openly in
the GeneralizedTDGL_Oh GitHub repository [71].

APPENDIX A: DIRECT PRODUCT TABLE

In this Appendix, we show a direct product table in Table I'V for the O;, 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:

L5, 5, = arue, {3 (Dand, ) 0k, = 3 (Dand ) 02 = § (Dynd. ) nb = £ (D2 )" 02 + (Dnf, )" n2 +cc.|

8

1 1 1 1.1 2 1.2 1 1.2 2 3 2
- aTmEg{z g, Dxng, — 3 0y, Deng, — 5 0z, Dyng, — 3 07, Dyng, + 0z, Dang, + C~C-}’ (B1)

v _ 1% 1 1% 2 2% 1 2% 3 3% 2 RES 3
L3, 1, = ann,{ — 0z, Dyng, — 0z Dang, + g Deng, — g Dang, + ng Dang, + g Dyng, + c.c.}

—an,n { = (Dyng,) ng,, = (Deng, )" nf, + (Denz, ) nz, = (Denz, )" n3, + (Deng, )" i + (Dvng, )" ng,, + e},

(B2)

v _ 1% 1 1% 2 2% 1 2% 3 3% 2 3% 3
L3, 1, = ann g, Dynig, + 0z Dang, + 0z Dang, + 0z Dang, + 0z Dang, + 0z Dyng, +c.c.}

—ar,n,{(Dyng,,) nz,, + (Dang, )" 07, + (Danz,) 0z + (Dang, )" nd, + (Dang, )" 07, + (Dyng,) 0z, + cc.}.

(B3)
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- r=209

FIG. 3. Time dependence [according to Egs. (33)-38) and (C1)—(C6)] of Na,, (s wave) (a) and anlu (py wave in the 2D limit). (b) OPs
for different values of rr,, ranging from —30 to 0.9, under irradiation by a uniform linearly polarized microwave. The TDGL parameters are
given in Table III, except for cf\lgr , = 0 and values of rr;, = r; the dimensionless frequency and amplitude of the microwaves are w = 1 and
Ay = 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 O, point group (for binary products only).

A]g AZg Eg T]g T2g A A Ey T Ty
Ay A A E, Tig g A Ay E, T Do
Az Az Al E, g Tig Ay A E, T, T
E, E, E;, A®[Ayxl®E, Tig @ Tng Tig @ Tog E, E. Au®AuDE, Tiu @ Tou Tiu @ Tou
T, T, Ty Tig @ Tng A @E D[N0 Ty Apy®E®Ty®Dhy T Tu Ty © Tou Au@E, ST @y A @ E, O T ® T
Ly, Dy Ty Ty @ Tng Ay @E, QT @Dy Ay®E @[T ®Dhy T T Ty @ Tou A @E DT ®Ty  Au®E, DT ® Tou
A Au o Ay E, Ty Ty Ay Ay E, Ty, Tog
Ay Au A E, T, Tiu Ay Agg E, Tog Tig
E, E, E, A ® Ay ®E, Tiu ® T T, ® Ty E, E, A @Ayl DE, Tig @ Tog Tig @ Tog
T T T Tiu @ To ALu®E, ST, ® Ty Ay ®E,®T, ® Ty Tig Thg Tiy @ Tog Aig@E; D [Tl ®Thy Ay ®E; @ Tig® Ty
Tw T T Ty @ Tou A @E DT ® Ty  Au®E,® T ® Tou Ty, Ty Tig @ Tog Ay @E, 0T, ® Ty Ay ®E; @ [Tipl @ Tng
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110 . o

1.05

Re(mlg) 100F

0.95

0.90 L : : . g

Im(nz, )
r=-10 . r=-0.1
r=—>5 r=20
r=-—2

FIG. 4. Time dependence [according to Egs. (33)—(38) and (C1)—-(C6)] of Na,, (s wave) (a) and ’ilrlu (py wave in the 2D limit). (b) OPs for
different values of rp,, ranging from —30 to 0, under irradiation by a uniform linearly polarized microwave. The TDGL parameters are given
in Table III, except for cf‘lgm =0, c}‘lngu = 0.1, and values of rp,, = r; the dimensionless frequency and amplitude of the microwaves are
o = 1and Ay = 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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LY, = “éqng{_% Dng (Dyng,)" — 3 Dyng (Ding )" — 3 Deng, (Don )" + 3 Dang, (Dang, )"
+ 2Dy} (Dang )" — Dt (Dynd, )" + Deni (Dynf, )" — Dyni (Deng, )"
+ Don2 (Dend )"+ DanZ (Dyni )" + c.c.}
+ aégng{—% Deng (Dyng,)" — 3 Dyng (Dang,)” + 3 Dang, (Dong, )™ — 5 Dong, (Dan )
— 1Dyt (D3 )"+ 2Donl (Dynd )" — Denk (Dynd )" + Dynl (Dand )*
+ Dyng (D:nd )"+ Dynd (Deni )" + c.c.}, (B4)
£y =abp [ Dnd, (Dnd)" = 4 Dynk (Dend)" + 3 Danf (Den )"+ £ Denf, (Dend, )"
$Dyn; (Dang,)" — 5 Dong (Dyn7,)" = Deng (Dyng,)" — Dyng (Dang, )
+ Dond (Dend )" +DanZ (Dynd )" + c.c.]
+ aégrzg{—é Dent (Dyng, )" + 5 Dyng, (Deng,)" + § Dend, (Dan?, )" + % Denf (Denz,)
— iDyng, (Dond,)" = 5 Deng, (Dynd)” — Dani, (Dyng,)” — Dyng (Dang, )"
+ Deng (D )" +Dyn (Danf,)" + cc ), (B5)
LY, m, = app (= Dang, (Dang,)” + Dyng, (Dyng, )" — Dang, (Dinz, )™ + Deng (Denzi )’
3

- y’?T1 ( nTZg)*-i- D, 7771 ( zni)* +C.C.}

*

+aq g, { = Deng,, (D=n)" + Dangy (Deng,)” + Dyng, (Denz, )" + Deng (Dyng,)
3 \* *
anl ( nng) ZnT] ( an, ) +c.c. }
+ay, | = Deng, (Denz,)" + Dang (Deng,)” + Deng, (Dynz,)" + Dyng,, (Dang,,)”
ynT]g ( ; )* x’7Tl ( y77T2 )* + 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:

L Lot 2l 2 21 3 2, 4 2
Un, Ding,, = o, gy, + ag, Ding,, + ag, Dyng, + ag, DeDyng, + ag DyDang,

3 3
1 i 12),.1 2 1 3 22 312y, 1
o Zleg <Z ‘n;1g| >77T1g B 2bT1g (Z nTl )r]T:' B leg(‘nTlJ + ‘nTlg‘ )nTlg
i=1 i=1

+ aAlngx(_Dny nAl.e + DXD)" nAlg) + 2aTluTlg( - Dyn;lu + Dxn%lu)

1 1 1 1 1 2 2
+ag,r, —gDny Mg, — ngDy ng, + DyD, g, — D,D, g,

2 1 1 1 1 2 2
+ag,n, _gDny Mg, — ngDy g, — DyDx g, + DDy,

1 2.1 2 1 1 2.1 2 2 9
+ aTlgTZ':( o Dan’g + D}’ }’]ng) o CAlnggMAls" nTlg - CAlngg (nAlg) nT:’ (Cl)

2 2 2,2 3 1 4 1
Ir, D,nTl T, 77T1 + aTl D ’7T1 +arp, Dan] +ap, D,D, g, T dr, D.D, 1,

3
- Zb]Tlg (Z |n7l;1g )nTlg 2b 2Tlg (Z nTlg )n%l: - b%g(|nTllg|2 + |nTlg| )nTlg
i=1 =

3 1 2 3 3 3
+2ar,n, D, — ag, 5, Ding,, — az, g, DuDyng, — ay, g, DyDy g,

(€2

1 2.2 2 2 2k
- CA]ngg|nA1£’| nTlg - CAlngg (nAlg) nT‘L”
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3 3
3 3 2 (2,3 2 I 3 3
I'n, Ding,, = rn, g, +az, (DXnTl.e +D; nT‘ ~2bn, <Z )nTlg Tlg <Z ’7T1g )nle
=1 i=1
3 212y, 3 1 2 3 3 2 1 23 2 2 3
— by (|n,,|” + |07, |0z, — ag i, Dyng, — @z, DDy gy, — Capn a0z, — cin, (0ay) 07, (C3)

for the components of the g-wave OP,

1 _ 1 1 21 2 2.1 3 2 4 2
FTZ@’ Dﬂ’]ng - rT23 nTZg + aTZg Danlg + aTZg D)’nTZg + aTZx DXDy T’TZg + aTZg Dny nng

3 3
o, (2 |n;;g|2)nrzg Y (z @;zy)n;;; B + i Py
i=1 i=1

+ an,,1,(DyDs Na,, + DxDyna,,) + 2ar,1,(Dyng, + Danf.)

1 1
+ag, ng<§Dny ’IE 3D Dy 77E —D,D;, ngg — DD, ”1%)

2 1 1
+ag g, | —3 DD, +

1 1 2 2
DDy 0, = DDy, = DDy,

1 21 21 1 2.1 2 2
+ “mm(‘Dx”T]g + Dy”m) = Crs, I P, — €, (1) (C4)

3
2 2 2 2,2 3 1 4 1 1 i 12,2
FTZg D[nTz rT’g nTz + aT? D nTz + aTZg DXT’TZg + aTZg Dny nTZg + aT2g Dny nTZg - 2bT2g (Z |n7l‘2g| )TITZ&’

3
2 1 2.2 3 3
- Zszg (Z nTZe )UT;:, - ng(‘nng’ + ’nng’ )nng + zaTluTZg D, nT,u a1, Ty, Dan,g — a7, 1, Dny N1,

1 2 2 2 2%
- CA]gTZg nAlg’ nng - cAlgng(nAlg) rITZg’ (C5)
3 3
3 3 2 (12 2\, 3 1 i |2 3% 3 2 2 (2y.3
T, Ding,, = o, ng,, + ag, (D3 +D3)ng, =265 ( D [ug, | |0z, — 263, [ D ( ”ng N7 — by, ( + [z, )nz,
i=1 i=1
1 2.3 2 2 3 2 1 2.3 2 2 34
= ag, 5, Dyng, — ar,, DyDx g, — ag, 7, DxDyng, — ¢ 5, [0 107, — CAlgng(’?Alg) N1y, (Co)

for the T, components (d.y, dy;, and dy;) of the d-wave OP.

APPENDIX D: COEFFICIENTS FOR THE CONDENSED FORM OF THE LAGRANGIAN

In this Appendix, we provide values for the coefficients Q and P"ﬁ in Egs. (39) and (40):

Av,ij

_ 1 _ 12 _ 3
QTZBT25 i = Apy, QTZgrzg 1= ng QT%ng 11 QTZgrzg 2= QTZLng 225 Qrzgrzg,lz =drp,»

_ 4 _
Qrzgrzg,lz = agy,s else QT2 Dooij — 0,

Qngrzg n= _alrlgrzg = ergrzg 2= QTlgng 11 Q%irzg,zzv Q%?grzg,lz = _a%grzg:

QTlgng 21 = _a%gpg = QTlgT2 1, else QTlngg,ij =0,

ergrlg i = alng’ QTlngg n= “Tlg QTlngg n= QIT,lngg,zz = Q3Ti,T1g,22’ anzgng,lz = asrlgv

QTlngg 2= a‘}lg, else QT] Tigi =0,

0 T 12 = %(aégng - a% ng) —0y,  Ton21° Q?zing,lz = _(a}:"gng + afzigrzg) = leEing,ZI’ else QZszg,ij =0,

QE T 12 = —%(aé 7, — 9E T,g) QE Tig:21° Q?TIX,IZ = a,l; Tie a%grlg = _lefi,Tlg,Zl’ else QaEﬂT]g,ij =0,
llzlE,n:a}E _aE _QEE 22 QEE 11 aE +aE _QEE 22 Q}EiEg,n:\/gaE _QEE 1>

QEE22=_ 3“5 QEE22’ else QEE:J 0,

QAlgAlg ij — aAlgSijaaﬁ’
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— 1 11 _ _l2
QAlgEg 11 = 3 QAE, = QAlgEg = —Qa.2= —04rmn ecle QAl E.ij =0
11 _ _ pll ap _
On\ 112 = a1, = Qa1 215 clse Op\ 1pij = 0>
— — L7 _
QAIgT,g,n = —aa,n, = QAIng 21, else QAlngg,ij =0. DD

il af
PAW = QAT else PA1 ; =0,

1no_ 1 _ 12 _ 20 _ _p2 af _
Pp=s5ane = =P =—P,= —P, elseP; =0,
1n _ _ _ 33 aff
Png,2 = —an,n, = Png = Png P else PTz =0,
11 _ _ _ _p32 _ _ p33 aff
Pr,.» = an,n, = PT]g, = —Pp PT]g,z’ else PT1 ;=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 54, , d-wave r;l and p-wave nT2 3 OPs
under incident linearly polarized microwave beams at /7 ~ 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.

INa... 4T=0.2499 In |, t/T=0.2499 InZ . t/T=0.2499

100 100
0.00200
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-5 0 5 -10 -5 0 5 -1
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5.0 5.0 00012 50 "
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0.0 0015 00 0.0008 00
-2. -2. 0.0006 —2. 04
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-15 0005 ;¢ 0.0002 -7.5
-10.0 0.000 -10.0 0.0000-10.0 0.0

-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10

FIG. 5. Density plots for the absolute values of s-wave n,,,, d-wave n,lg’:, and p-wave ’772 3 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 &.
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FIG. 6. Density plots for the absolute values of s-wave 1y, d-wave nl and p-wave r]Tz 3 OPs under an incident linearly polarized
microwave beam at approximately half of the microwave cycle, t/T = 0.5, where T is the perlod of the microwave. Coordinates on the thin
film are given in units of &.
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FIG. 7. Density plots for the absolute values of s-wave 1y, d-wave nEg, and p-wave nT]Z 3 OPs under an incident linearly polarized
microwave beam at approximately three quarters of the microwave cycle, ¢ /T =~ 0.75, where T is the period of the microwave. Coordinates on
the thin film are given in units of &.
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FIG. 8. Density plots for the absolute values of s-wave 1y,,, d-wave nlE'gz, and p-wave aniiﬁ OPs under an incident linearly polarized
microwave beam at approximately one full microwave cycle, ¢ /T ~ 1, where T is the period of the microwave. Coordinates on the thin film
are given in units of &.
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FIG. 9. Density plots for the absolute values of s-wave 1,,,, d-wave né'gz , and p-wave n]T;i‘3 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 &.
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FIG. 10. Density plots for the absolute values of s-wave ny,,, d-wave n,lg': , and p-wave nlrﬁ’3 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 &.
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FIG. 11. Density plots for the absolute values of s-wave 7y, , d-wave n};gz , and p-wave n‘T;i’3 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 &.
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FIG. 12. Density plots for the absolute values of s-wave 7y, , d-wave 77]5’; , and p-wave ”ITi’} OPs under an incident circularly polarized
microwave beam at approximately one full microwave cycle, ¢ /T ~ 1, where T is the period of the microwave. Coordinates on the thin film

are given in units of &.
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