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The recent successful experimental observation of quantum anomalous Hall effect in graphene under laser
irradiation demonstrates the feasibility of controlling single particle band structure by lasers. Here we study
superconductivity in a Hubbard honeycomb model in the presence of an electromagnetic drive. We start with
Hubbard honeycomb model in the presence of an electromagnetic field drive, both circularly and linearly polar-
ized light and map it onto a Floquet #-J model. We explore conditions on the drive under which one can induce
superconductivity (SC) in the system. We study the Floquet #-J model within the mean-field theory in the singlet
pairing channel and explore superconductivity for small doping in the system using the Bogoliubov-de Gennes
approach. We uncover several superconducting phases, which break lattice or time reversal symmetries in ad-
dition to the standard U(1) symmetry. We show that the unconventional chiral SC order parameter (d + id) can
be driven to a nematic SC order parameter (s + d) in the presence of a circularly polarized light. The d + id SC
order parameter breaks time reversal symmetry and is topologically nontrivial, and supports chiral edge modes.
We further show that the three-fold nematic degeneracy can be lifted using linearly polarized light. Our work,
therefore, provides a generic framework for inducing and controlling SC in the Hubbard honeycomb model,

with possible application to graphene and other two-dimensional materials.

I. INTRODUCTION

Graphene has been one of the most studied materials with
hexagonal geometry due to its number of intriguing proper-
ties [1H3]. Recently, superconductivity was observed in a
twisted bilayer at the magic angle [4], after the theoretical pre-
diction of the existence of flat bands for Moiré lattice of the
twisted bilayer graphene at the magic angle [S]. Supercon-
ductivity has also been observed in intercalated graphite such
as CaCg [6], and CsYD [7]]. But, in pristine graphene, super-
conductivity is still missing in spite of a number of theoretical
studies predicting the existence of superconductivity [8H11].
Ref. [[11] predicted chiral superconductivity with nontrivial
topology at van Hove singularity, which was an experimen-
tal challenge. More recently, doping graphene at and beyond
van Hove singularity the have been achieved [12] and can pos-
sibly open new venues for exotic states. Many of these studies
start with the assumption that honeycomb lattice has is a spin-
1/2 antiferromagnet at half-filling, which has, in fact been ob-
served in another honeycomb material, In3Cu, VOq [[13] [14].
More recently, valence bond fluctuations were reported in an-
other spin-1/2 honeycomb compound, YbBr; [15]. On the
other hand, tunable honeycomb lattice in the cold atom sys-
tem has been realized [16].

In recent years, there has also been an enormous interest
in understanding the periodically driven systems. A recent
study on graphene [[17] reported the light-induced anomalous
quantum Hall effect by tuning its band structure using light
[18]. Controlling the magnetic interaction in materials using
an electromagnetic drive has been intensively studied [[19-24].
The earlier work on photo-manipulation has largely focused
on ferromagnets. But in recent years, study of antiferromag-
nets driven by light have also gained significant interest [25].

A recent study [26] on hexagonal lattice proposed the
realization of light-induced time-reversal symmetry broken
(TRSB) topological superconductor. In this study, the effect

of electromagnetic drive was studied using a Pierls substitu-
tion and did not delve into how the frequency restricts the re-
alization of the relevant Floquet #-J model. Also, in one of
the most studied superconductors, i.e cuprate, there has been
significant interest in enhancing superconductivity in the pres-
ence of a drive [27, 28] resonant with phonon mode, and the
mechanism it is usually understood as phonon-assisted. More
recently [29], it has been shown that the enhancement in the
superconductivity can be observed even when one is away
from the resonance with the phonon. The mechanism, in this
case, has been attributed to the effect of light on the superex-
change coupling.

The observation of band tuning in graphene [17] and the
possibility of light-induced superconductivity mediated by
charge transfer [29] opens new avenues for exploring light-
induced superconductivity. Additionally, it has been widely
reported in the literature that strong correlations can induce
superconductivity in honeycomb lattice at low doping [30}|31]]
and van Hove singularity [11]]. In our work, we explore the
conditions for realizing superconductivity in honeycomb lat-
tice mediated by strong correlations that can be controlled us-
ing light. We explore the effect of both the circularly and lin-
early polarized light on the electronic states. We show that
in the frequency limit (f < w <« U. Here t is the hopping
strength and U is the onsite Coulomb interaction.), the super-
conductivity can be induced and enhanced. The honeycomb
lattice is shown to host both the time reversal symmetry break-
ing (TRSB) (d + id) and the nematic (s + d) superconductor in
the singlet pairing channel. The nematic superconducting or-
der parameter is three-fold degenerate. We further show that
the three-fold degeneracy can be lifted using linearly polar-
ized light.

The paper is organized as follows: Sec Il presents the Flo-
quet #-J model derived from Hubbard honeycomb model in
the presence of circularly and linearly polarized light. Sec.
discusses the density of states for the lattice in the presence of



drive. Sec. [[V]discusses the mean-field treatment of Floquet
t-J model, which reveals several superconducting phases in
the presence of EM drive. Sec.[V]presents a discussion on the
physical challenges in realizing the these Floquet systems and
summarizes the various findings of our work.

II. FLOQUET HAMILTONIAN FOR STRONGLY
CORRELATED SYSTEMS

Strongly correlated materials can be modeled using Hub-
bard model. Time-dependence of the Hamiltonian in the pres-
enc of a drive can be is taken into account by time-periodic
Peierls phase [26} 32} [33]. We start with a time-dependent
Hamiltonian for a Hubbard honeycomb lattice given by

Ht) = Y 1y Oc cip the+ U Y imany. ()
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Here, #;; is the hopping between nearest neighbor sites-i, j,
and U is the onsite electron repulsion. 6F;;(t) = F(t)- (r; —r;),
where F(7) is the vector potential of the light. The above time-
dependent Hubbard Hamiltonian can be mapped onto a Flo-
quet 7-J model dependent using Schrieffer-Wolff Transforma-
tion (SWT) [34] 35]]. The details for the SWT are discussed in
the supplemental material [36].

We investigate the Floquet #-J model for two types of drive,
F(?): a) circularly polarized light (CPL) and b) linearly polar-
ized light (LPL) in the supplemental material [36]. The time-
dependent Hamiltonian in the high frequency limit (f/w < 1),
and r < U can be mapped onto a set of time-independent
Floquet #-J Hamiltonians depending on the drive frequency
(w) [33,134]. Here, we present the Floquet Hamiltonian for
both circularly and linearly polarized light in the discussion
below.

Circularly Polarized Light:— We consider a vector poten-
tial given by F(7) = {[sin(wt)e, — cos(wr)e,], where { = A/w
for the circularly polarized light (CPL) and &, (&,) is a unit
vector in the x (y) direction. In this case, the Dgj, point group
symmetry of the Hamiltonian is preserved. This is because
the CPL affects both the hopping and interaction isotropically
along the three bonds in the hexagonal lattice. We have two
sets of Floquet Hamiltonian depending on the conditions on
the frequency.

In the limit t « U < w, the Floquet Hamiltonian is given
by

Hp ~ 1900 ) & 8o +he.

(i) o
2 X @)
HITHO Y (S8 - 2 Flirfijo)-
(ij).o a’

Here, &y = (1 = njo)Cjos flje = (1 = njg)nje and J = 4 s
the superexchange interaction. Jy({) is a Bessel function of
first kind with { = A/w. In this limit of w, both the hopping
and superexchange are rescaled in the Floquet Hamiltonian as
shown in the panel (b) of Fig.[T]

On the other hand in the limit # < w < U, one can write
the Floquet Hamiltonian as

Hr ~ t90(0) Z & o +he.
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In this limit, only the hopping term is rescaled, whereas the
superexchange term remains unchanged. This limit can al-
lows for flattening the non-interacting band and whereas the
superexchange term interaction is constant, and hence an ideal
condition for inducing and enhancing superconductivity.

Additionally, we have chiral next-nearest neighbor (NNN)
hopping terms of the order of 1/w that can be neglected
owing to high-frequency approximation. Further, there are
additional three site hopping terms that contribute at the same
order as superexchange in the high-frequency approximation
of the Floquet theory [34} 135]. We further comment on the
conditions under which these extra terms can be neglected in
the supplemental [36].

Linearly Polarized Light:— We consider a linearly polar-
ized light (LPL) polarized along the y-direction for which
the vector potential is given by F(r) = (sin(wt)e,, where
{ = A/w. In this case, drive breaks the Cs-rotation symme-
try along the three bonds in the Hamiltonian, and can lead to
anisotropic hopping and interactions. As in the CPL case, here
too, the Hamiltonian depends on the U and w strength.

In the limit ¢t « U < w limit, the Floquet Hamiltonian is
given by

Hr ~ 1t ) [0z ,&jo + To(5) Y & ,8je + ]
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In this case, both the hopping and superexchange are rescaled
as is the case in CPL drive. In addition, the system develops
anisotropy along the three bonds due to the explicit C3 rotation
symmetry breaking by the LPL.

On the other hand in the limit t < w < U, the Hamiltonian
is given by

Hp~1 ) [J0@] e + ) To($)7] 2 + e
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In this case, the hopping is rescaled and develop anisotropy,
whereas the superexchange is unaffected. It leads to flattening
of the non-interacting band, whereas the superexchange term
interaction is constant, and hence is useful for inducing and
enhancing superconductivity
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FIG. 1. Schematics for the honeycomb lattice in the presence of (a) Circularly polarized light (CPL), and (b) Linearly polarized light (LPL)
along y-direction. (c) and (d) show the rescaling of the Floquet hopping (7) and superexchange (J) with the drive parameter /(= A/w) in the

limit U < w (c) and w < U (d).

As in the CPL case, we do have NNN hopping terms, but
the chiral hopping term is absent in the LPL drive as the
Hamiltonian does not break time-reversal symmetry.

III. NON-INTERACTING HONEYCOMB

The effect of EM drive on non-interacting honeycomb lat-
tice has been widely studied in literature, where the EM drive
was found to have significant effects on electronic proper-
ties [[18]. Here, we analyze the impact of drive on the honey-
comb lattice without the superexchange term to prepare our-
selves for understanding the more complicated Hamiltonian
with strong correlations. We report the density of states (DOS)
for non-interacting bands in the presence of both circularly
and linearly polarized light.

Circularly polarized light:— In the case of CPL, the hop-
ping is renormalized isotropically and, therefore, preserves
the Cs-rotation symmetry of the bonds. Panel (a) in Fig. [2]
shows the density of states for CPL drive. We can see that on
driving the system (¢), only the bandwidth in the density of
states shown in panel (a) of Fig.[2] gets smaller.

Linearly polarized light:— Linearly polarized light can in-
duce anisotropy in the hopping along with different bonds. It
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FIG. 2. Density of states for non-interacting honeycomb lattice in
the presence of; a) circularly polarized light and b) linearly polarized
along y-direction with the laser strength ¢ indicated in each panel for
t < w. The bandwidth gets smaller with increasing ¢.

breaks Cs-rotation symmetry of the bonds and can generate
effects on the honeycomb sites similar to the strain [37]]. Panel
(b) shows the DOS for the LPL.

Additionally, CPL can breaks time-reversal symmetry in
the Floquet #-J model if the next nearest neighbor chiral
hoppings are included. This term can lead to an anoma-
lous quantum Hall effect (AQHE). The observation of light-
induced AQHE in monolayer graphene was reported very re-



cently [17]. This TRSB breaking term appears as a higher-
order correction, and is only important when the leading order
term proportional to the zeroth order Bessel function vanishes,
i.e.at A/w = 2.4 [38]]. For the sake of simplicity, we study the
effects of drive in the limit of { < 2, which allows us to ignore
the TRSB term.

IV. MEAN-FIELD TREATEMENT OF THE FLOQUET ¢-J
MODEL

In Sec.[ll] we have presented the Floquet Hamiltonian that
can be engineered from a honeycomb Hubbard model. The
derived #-J Floquet model has an explicit many-body effect,
which cannot be solved exactly. To simplify the many-body
effects, one can use Gutzwiller projection to replace the strict
double occupancy prohibition with a rescaling factor [30} 39—
41]]. The Gutzwiller projected Hamiltonian could then be
mapped to renormalized mean-field theory, using the mean-
field for singlet pairing channel. In this renormalized mean-
field theory, t — 2t6/(1+6) and J — 2J/(1+6)* and supercon-
ducting order parameter, A — 2A6/(1 + 8), where 6 (= 1 —n)
is the doping away from half-filling. For the sake of simplic-
ity, we will treat these rescaling factors as a constant. The
Gutzwiller projected mean-field can be written as,

Hyr = — Zt,]al(rbﬂ,+hc +,uZa a,g+b bir
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Here, #;; is the hopping between nearest neighbor sublattices,
A (ajr) and B (b;;). Here we restrict to the nearest neigh-
bor singlet pairing superconducting order parameter (SCOP)
Aij = =Jijlaiybjy — anbj))/2.

Equation (6) can be written in the momentum basis as

HMF = Z [aZszT a_g| b*kl,] X
k
uo =t 0 Ap)| % 7
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Here tx = Y4012 €*Y1, and A = ZQ —0.12 €*%A,, where
R; = R; +1, with [y = (0,-1), [, = (2,2) lz—(—z,z)

Also, one can write the gap as, A, = —% Lo S (e®ea_y by —
e ®eg.b 11). Bquation (7) can be diagonalized to evaluate
Hyvielym) = Enldn), the eigenstates (|i,,)) of which are the
Bogoliubov quasiparticles [42]. The gap equation in this new

basis is then given by
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FIG. 3. Superconducting order parameter (SCOP) as a function of
CPL drive (¢). Panels (a) and (b) show the SCOP components for
J=10,n=105and J = 2.0, n = 1.10 respectively. Inset in each
panels show the corresponding phase between the different compo-
nent. Note that there is a global U(1) phase ambiguity.
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Here, []") (”m , va , (ufkl)* (vb"i) )T and E}' are the

th 1 m —
m e1genvector and eigenvalue of the Eq. (7). f(E]) =
(674 )'y]’:’) E— is the Fermi distribution function for the

Bogoliubov quas1particles. We solve Egs. (8) and (@) self-
consistently to evaluate the SC order parameter.

The basis functions; Wy, 2 %(2 -1,-1), ¥4, =
((O, ,—1)and ¥, = L (1, 1, 1) form a complete basis set
for symmetric superconductmg order parameter (A,) for point
group D¢y and Doy Moreover, d2_» and d,, are degenerate
for Dgy, point group, which allows for the existence of inter-
esting chiral superconductivity d,»_,» + id,,. We evaluate the
SCOP in these basis functions. All throughout the discussion,
we set # = 1 and all other parameters are defined in terms of 7.

A. Superconducting order parameter dependence on the drive
at7T =0

We start by discussing the superconducting order parameter
(SCOP) dependence on the EM driveat T = Ofort < w < U.
In this limit, the EM drive ({) modifies the hopping parameter
t. We plot SCOP for the circularly and linearly polarized light,
respectively, for a set of J and filling »n near the critical limit
to induce different phases using the EM drive.

Figure[3|plots the SCOP in the (s, d) basis in the presence of
a circularly polarized light. The drive isotropically decreases
the hopping (t, = tJ0(), Y @ € {0, 1,2}) along three bonds in
the Floquet Hamiltonian as shown in Eq. (). The interaction
parameter J, (= J, Y a € {0, 1,2}) is unaffected. The Hamil-
tonian, therefore, preserves the Dg, symmetry. Panel (a) plots
the amplitude of the components of SCOP as a function of
drive ({) for J = t (U =~ 4t) and n = 1.05, whereas panel
(b) plots for J = 2t (U = 2¢t), n = 1.1. Inset in each panels
show the phase of the different components along the different
components of the SCOP.



Panel (a) shows that one can drive the onset of supercon-
ductivity at £ = 1.2 using the EM drive. From the inset, it
is clear that the initial SCOP is d,>_,» + id,,, which sponta-
neously breaks the time reversal symmetry in addition to the
U(1) symmetry. The d,>_,» + id,, is topological nontrivial and
can be characterized by a Chern number C = 2. The nontriv-
ial topology implies the existence of spontaneous edge cur-
rent. d>_,» — id,, is another degenerate solution, guaranteed
by time-reversal symmetry in the Hamiltonian. There exists
another phase transition at { = 1.8, associated with the onset
of s-component. This transition is emphasized in panel (b).

To further elucidate on the new transition, panel (b) plots
SCOP for J = 2t and n = 1.1. In this parameter, at the onset
of the drive, we have TRSB SCOP, signaled by +m/2 phase
difference between different components of the SCOP. At
{ = 1.2, we see an onset of s-component. Further, in the
inset, one can see that phase difference between the different
components of the SCOP is either O or 7. The SCOP can
be made real by choosing a global U(1) phase, therefore the
time reversal symmetry is restored above this critical .. As
will be discussed below, C3 rotation symmetry is broken in
this state, and therefore the superconductivity is nematic.

k-dependence of superconducting order parameter:— We
plot the momentum dependence of the SCOP, A(k) =
S e®ReA,. Fig. E| shows the gap amplitude, |A(k)| distribu-
tion over the Brillouin Zone.

SCOP, d>_,p + id,,, shown in panel (a) and (b) have point
nodes and is not invariant for any global U(1) phase over
the time-reversal operation, 7 A(k) — A*(-K), and is indeed
TRSB SCOP. But this SCOP is invariant up to a global U(1)
phase over C3 rotation and the SCOP components along the
the three bonds (Ag, Aj, Ay) have the same amplitude. Note,
while the SCOP has point node, the dispersion for the Bogoli-
ubon quasiparticle is gapped.

With the onset of s-wave component, the SCOP breaks the
three-fold rotation symmetry C3 and the SCOP component
along one of the bond (Ag,Aj,A;) becomes inequiva-
lent, which indeed leads to nematic SCOP. There are
three degenerate SCOPs that are related by C3 rotation
(This is further emphasized in Fig. []). In the nematic
phase, the SCOP spontaneously breaks the C; point
group symmetry and is reduced to Dp,. The SCOP has
form A, o« exp(if)(a,—-B,-B,), exp(id)(-B,a,—F), and
exp(if)(—B,—B,a) Y @ > B > 0. Panel (c), (d), (e) plots
the momentum dependence of the nematic SCOP for @ = 1
and 8 = 1/2. As can be seen in these panels, the nematic
order parameter (s + d) is nodeless and preserves the time
reversal symmetry, but breaks the C; rotation symmetry.
Conversely, in the (s, de_,, dy,) basis, these nematic order
a— Zﬁ 2a+2ﬁ d _p )

parameters can be wrltten as; exp(z@)(

exp(t@)(ﬂs + i\@adxz_yz + %

%dxy) respectively. Note, in the panel (b) of
Fig. 3] we have plotted only one of the solution of the nematic
SCOP, the other two solutions can be recovered by rotation.

dy) and exp(z@)(ws +

—a—B
6d

Fig. 5] plots the SCOP in the presence of a linearly polar-
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FIG. 4. Top panels shows the superconducting order parameter
(SCOP), |A(k)| for the time-reversal symmetry-breaking; d,>_,» +id,,.
Bottom panels show SCOP for the three degenerate nematic states
which breaks C; rotation symmetry along the three bonds. The Black
hexagon denotes the first Brillouin Zone.
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FIG. 5. SCOP as a function of LPL drive (¢). Panels (a) and (b)
show the SCOP components for / = 2.0, n = 1.10 and J = 3.0,
n = 1.10 respectively. Inset in each panels shows the corresponding
phase between the different component. Note that there is a global
U(1) phase ambiguity.

ized light. For LPL polarized along y-direction, the parame-
ters rescales as i.e. ty = t90(0),t1 = to = tJo({/2), whereas
Jo = J, Ya € {0, 1,2} as can be seen from Fig. |I|(d). In y-
polarized LPL, Dg, symmetry of the Hamiltonian is reduced
to Dy,. Panel (a) plots the amplitude of the components of
SCOP as a function of drive () for J = 2t (U = 2¢t) and
n = 1.1, whereas panel (b) plots for J = 3t (U = 8t/3),

= 1.1. Inset in each panels show the phase of the differ-
ent components along the different components of the SCOP.
Note, we have plotted for larger value of J in this case as the
onset of SCOP is slower in the case of LPL. Also, the SCOP
in the case of LPL are distinct from the CPL case.

Panel (a) shows that in the case of J = 2t (U = 2f) and
n = 1.1, the SCOP is always complex for arbitrary choice
of the U(1) phase and is TRSB. We choose a global phase
such that the real part is composed of d,>_,» and s, unlike in
CPL where it consists of only d,>_,». From the inset, it is
clear that the initial SCOP is indeed Wy + idy,. W5 — idy,
is another degenerate solution, which is guaranteed by time-
reversal symmetry in the Hamiltonian. Here W, represents
SCOP with the mixed s and d>_,

Panel (b) plot SCOP for larger J = 3¢ to enter into the ne-
matic state observed in the case of CPL. We notice that the
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FIG. 6. Phase diagrams for the SCOP as a function of temperature (7') and the CPL drive (¢) for / = 2.0, n = 1.1 and 7 = 1. Panels (a) and (b)

show the SCOP evaluated using projected d,2_,

2 +id,, and s state respectively as initial guess. The top and bottom lines in each panel indicate

the 7 for vanishing d-wave and s-wave SCOP respectively evaluated using linearized gap equation. Panel (c) plots the free energy at { = 1.23
and shows that nematic state with (s + d)-wave component is the true SCOP at lower temperature, and at intermediate temperature (d + id)

dominates before the SCOP vanishes.

SCOP becomes real at { = 0.5, as was also observed in the
CPL case. In this phase, the time-reversal symmetry of the
SCOP is preserved. The three-fold degeneracy of the nematic
state observed in the CPL case is reduced to two-fold degener-
acy. This will be further evident from the discussion on Fig.
Again note, we have plotted only one of the nematic phase so-
lutions in panel (b).

B. Effect of temperature on the superconducting order
parameter

In this section, we discuss the effect of temperature on the
superconducting order parameter for the CPL drive. The van-
ishing SCOP reveals the critical temperature, T, for the phase
transitions. We further estimate the 7, by linearizing the gap
equations. We describe both the methods for evaluating the
temperature dependence of SCOP.

We evaluate the SCOP by solving the Eqs. (8) and (9)
self-consistently for finite temperature (7). We plot the
phase diagram starting with a SCOP ansatz given by, A,
I‘I’d‘2 2 +idy, )(‘sz ,HdeA Y to evaluate for TRSB state and

= [Py Wy, |Aa) for the nematic state. Since the TRSB
and nematic order parameter competes, we also evaluate the
free energy of the system [43]] to get the true ground state. The
free energy is evaluated using the relation,

F = > EPED + Thy Y (FUED I(FED)

k.m k,m

(10)
+ (1= fED)In(1 = f(E)) +2 > IA2I/N.

Here m is indices for the Bogoliubons evaluated in the Eq.
We know that at the critical transition temperature, 7, the
SC gap vanishes, and therefore one can linearize the gap equa-
tion. This approximation allows us to directly calculate the T,
which is discussed in Appendix [A] The linearized gap equa-

tion can be written in a matrix form

AQ A1 Bl Bl A0
Al =J|B1 Ay By||Ar], (11)
Ar B, By Ay)|A;

where Aj, Ay, By and B, are components in the Eq. (AJ)
when J, = J, ¥ @ € {0, 1,2}, discussed in Appendix@ In the
case of CPL, A; = A, = A and B, = B, = B. The solutions

of the above equation is given by, a) A + 2B = % s-wave;

(1,1,1)/ \/§, and b) A - B = %, two-fold d-wave degenerate

solutions: (2,-1,-1)/ V6 and (0,1,-1)/ V2. Using these
equations, we evaluate the 7, for the d-wave and s-wave
solution

1. Phase diagram of SCOP dependence on temperature and CPL
drive

Figure [6] shows the phase diagram for the temperature de-
pendence of the SCOP in the presence of CPL drive evaluated
for J = 2t and n = 1.1. We reveal distinct phase bound-
aries for the TRSB and nematic superconductivity. TRSB and
nematic SCOP can compete at lower temperatures, and there-
fore, one has to compare the free energy in order to determine
the true ground state.

Panels (a) plots the phase diagram with a mean-field gap
ansatz given by, A I‘sz 2 +id, )(‘sz 2+,%IAQ) We further
evaluate that 7, for the d-wave solutlon using the linearized
gap equations and compare it with the results from the SCOP
calculation with (d + id) ansatz. We notice the TRSB SCOP
vanishes at the 7, (top white line) of the d-wave solution.

Panels (b) plots the phase diagram with a mean-field gap
ansatz given by, A, = [P, )(W4,1Aq). We further evaluate that
T, for the s-wave solution using the linearized gap equations
and compare it with the results from the SCOP calculation
with s-wave ansatz. We notice the nematic SCOP vanishes at
the T, (bottom white line) of the s-wave solution. We notice
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FIG. 7. Nematic SCOP degeneracy in the presence of CPL drive at { = 1.4 for J = 2 and n = 1.1. Panels (a), (b) and (c) plot the SCOP
components along the three bonds (Ag, A;, A;) as a function of temperature for the three states. Panel (d) plots the free energy for the three

states, showing state all the states are degenerate.
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FIG. 8. Nematic SCOP in the presence of LPL drive at £ = 0.5 for J = 27, 7 = tJy(1.4) and n = 1.1. Panels (a), (b) and (c) plot the SCOP
components along the three bonds (Ag, Aj, A;) as a function of temperature for the three states. Panel (d) plots the free energy for the three

states, showing state in panel (a) becomes non-degenerate.

that there is a discrepancy in the critical drive strength for the
onset of the s-wave state; {. = 0.85 from the 7. calculation,
whereas, {, = 1.25 from the SCOP calculation. This late onset
of s-wave SCOP is due to numerical limitation, a smaller grid
used for evaluating the SCOP.

From panel (a) and (b), it is clear that (d + id) and (s + d)-
wave solutions compete at a lower temperature after the onset
of s-wave state. We, therefore, plot free energy for both the
solution to find the real ground state. Panel (c) plots the free
energy at = 1.23 to show that the (s + d)-wave solution is
the real ground state at the lower temperature after the onset
of s-wave. At a higher temperature, the (d + id)-wave solution
has lower free energy after the (s + d)-wave solution vanishes.

Additionally, we notice that the 7. for TRSB and nematic
SCOP converge for a large {.

Analysis of the three-fold degeneracy of nematic state:—
SCOP in the nematic state has a three-fold degeneracy. In
Fig.[7} we plot a cut at { = 1.4 from panel (b) of Fig.[6]to ex-
plore the temperature dependence of the components of SCOP
along all the three bonds. We plot all the three nematic states
shown in panels (a), (b) and (c) by biasing the initial SCOP
along each of the bond. Inset plots the phases of the three
components along the bonds. We notice that the SCOP has a
higher amplitude along one of the bond in each state and are
related by a C3 rotation along the three bonds.

We further plot the free energy for these three solutions in
panel (d) and observe that these solutions’ free energy is equal
for all the temperature to confirm that these solutions are in-

deed degenerate.

Breaking the three-fold degeneracy in the nematic state:—
We know that LPL reduces the Dg, symmetry to Dy in the
presence of y-polarized light. We use this property and show
that the use of linearly polarized light can lift the three-fold
degeneracy of the SCOP. For the sake of consistency with the
above results, we start with J = 2¢, and a modified hopping 7 =
t9Jo(1.4), which reproduces the results in the case of CPL at
{ = 1.4. Additionally, we use a y-direction LPL with { = 1/2
to break the three-fold degeneracy, as shown in Fig. [§] The
three nematic states shown in panels (a), (b) and (c) are plotted
by biasing the SCOP along each of the bonds. We notice that
the SCOP in panel (a) has a slightly different amplitude from
that in panel (b) and (c).

To understand the true nature of the ground state, we plot
the Free energy in panel (d). We notice that the free energy
for polarization along the /y is higher than the other two di-
rections. Therefore, the three-fold degeneracy of the SCOP is
reduced to two-fold degeneracy in the presence of LPL.

V. DISCUSSION AND CONCLUSIONS

In our work, we explored the conditions for enhancing su-
perconductivity in strongly correlated honeycomb lattice in
the presence of both circularly and linearly polarized light. An
earlier work [26] on honeycomb lattice also explored the same
system by treating EM drive through a Pierls-substitution. On
the other hand, we have treated the effect of strong correlation



systematically using SWT and find that the limit r « w < U
is useful in enhancing superconductivity. We want to point out
that two conditions are important for realizing such enhance-
ment; a) f < w < U, such that the higher-order corrections
in the high-frequency approximations can be neglected, and b)
thermal heating is minimal to realize Floquet Hamiltonian. To
have a minimal effect on the higher-order correction, we study
the system for { < 2. In driven systems, a number of studies
have reported the effect of heating and shown that, indeed, it
can be controlled. For example, it has been shown that the Flo-
quet heating in the many-body systems in the high frequency
t,U < w is exponentially slow in frequency [44]. Further, it
has been shown that Floquet prethermalized state can be re-
alized in a resonantly driven Hubbard model [45] 46]. Addi-
tionally, the recent experimental observation of off-resonance
superconductivity enhancement in cuprate [29], possibly me-
diated by charge fluctuations, provides further impetus to our
work.

In conclusion, we have shown that light can be a useful
tool for controlling the bandwidth and strong correlations in a
hexagonal lattice. We show that in the frequency limit, r < w
and w < U, the EM field drive can induce and enhance super-
conductivity mediated through strong correlations. We show
that light-induced superconductivity is exotic; a) time-reversal
symmetry breaking (d+id) with nontrivial topology and b) ne-
matic (s + d) in these honeycomb antiferromagnets. We also
show how the TRSB state can be driven into a nematic super-
conductor in the presence of both; circularly and linearly po-

larized light. Our study also explores the effect of temperature
on the SCOP and presents a phase diagram for the tempera-
ture dependence of the SCOP in the presence of a CPL drive.
On the discussion of the temperature of dependence, we also
present all the three-fold degenerate nematic state and con-
firm their degeneracy using a calculation of the free energy.
We further show that this three-fold degeneracy of the nematic
state can be reduced to a two-fold in the presence of an LPL.
Our work, therefore, presents a detailed analysis of exploring
the superconductivity mediated through a strong correlation
in the presence of electromagnetic drive. Though our work
explored the driven honeycomb lattice, but is not limited and
is applicable to generic strongly correlated systems.

VI. ACKNOWLEDGEMENTS

The authors thank Ying Su for helpful discussion at the
initial stage of the work. Computer resources for numer-
ical calculations were supported by the Institutional Com-
puting Program at LANL. This work was carried out un-
der the auspices of the U.S. DOE NNSA under contract No.
89233218CNA000001 through the LDRD Program. S.-Z. L
was also supported by the U.S. Department of Energy, Office
of Science, Basic Energy Sciences, Materials Sciences and
Engineering Division, Condensed Matter Theory Program.

Appendix A: Evaluating T, by linearizing the Gap equation

Here we present an analysis of the Hamiltonian to further investigate the nature of the superconductivity in the lattice. We
map the bipartite lattice to a band basis. Following the work in Ref. [8 30], one can transform the Hamiltonian in Eq. {7) to

intraband and interband pairing, using the basis transformation:

Ao _ L
bku’ - \/z

And the Hamiltonian is terms of this new basis given by

Cko t dko'
eiiq)k (Ck(r - dk(r)) (Al)

& A 0 ANk
—& Ao ||y

_S e i A
Hyr = Z [CkT C—kl dkT d—kl] 0 A & =N dkT (A2)
k

-A 0 -A] -&)|d,

Here & = u — &, & = u + g where g = |3, taeik'Ral and ¢y = arg(}, eik.Rata)- Ay = Jo Y cos(k - Roz( - ¢k)(ckTC—kl +
dyrd_ry) + isin(k - R, — ¢x)(crrd_y; — dyyc_yy). Further, we rewrite the gap as, intraband gap, A;(k) = Re[Y, e/®R=%A ], and

interband gap, A;(k) = Im[}, e/®Ra=®A ]

The dispersion of the Bogoliubov quasiparticles can be solved exactly by diagonalizing Eq. (A2) and is given by,

12

Eop = t|6 + 1 + A1 £ \/AgAl‘f sin®(2K) + 4€2(|A, 2 sin*(k) + y2)) (A3)

As temperature approaches critical transition temperature 7, the gap becomes small. Therefore, we can treat the gap pertur-

batively as

& 0 0 0 0 A OT AY}

~ o -& 0 o0 A0 A0
Hur=Hot V=14 0 & o || 0 A 0 -» (A4)

00 0-&) (-A] 0 -A] 0



Using the pertubation theory, one can write the new eigenstates (|, )) in terms of eigenstates of Hy (I‘I‘g)) as

IVﬁal‘P‘))
[¥o) = 1¥0) + Z il (AS)
The new eigenstates and eigenergies are as follows:
= A - A —dy, E
- + - L > B = ~ AL > - Gl
VIt S T T g K =& m=cy 2%, T g r g B2 = &
il T (A6)
iy - ~d', A =&, e diy A Ey=
Y3 = M2 l+§1+§ —kl’ Ey =& Y4 = —ki+2_§2 §+§CkT» 4 =—&.
Using the relation, that different component of y,, are orthogonal, one can simplify the below equations,
— A; i i dirnd
{ckrC—ry) = i()’l?’l = 72Y,)s (dipd-ry) = 2% ( Yayh + vavd),
AA A, (A7)
(eurd-u) = 2o Ny sy, (die-) = g (ny; = 920))

Bogoliubons follow the Fermi-Dirac distribution and their expectation value is given by (7;1)/,”) Therefore, one can

write the pairing terms as,

1 +e/35"1 :

tanh(%l) tanh(&2)
+
26 26
Using the definition of the A; and A;, the gap equation is simplified as,

(tanh(£L) + tanh(£2)) (A8)

A
(crreiy — duydiy) = Ai( ) {diyer) — crpd ) = 3 +1§2

Ao = Jo Y c0s(K -1y = di)cire ) = (dind-iy) = isin(k - 1y = $)dige i) = (cird i)
k

B tanh(ﬁ%) tanh(%)
—Jakzﬁl[cos(k-la—¢k)cos(k~lﬁ—¢k)( %t ) (A9)

(tanh(Z") + tanh(%2))
o
& +&

The above linearized can be solved to evaluate the T for the superconducting phases in the lattice.

We are interested in the lattice with Dgy and Dy, symmetry with isotopic interaction along the three bonds. Therefore,
we present results relevant to linearly polarized light polarized along y-direction discussed in the main text. In which the
Hamiltonian has a reduced D, symmetry with anisotorpic hoppings. In the linearized gap equation this leads to anisotropy in
the ¢ (= arg(3, e*®t,)) and is reduced it to Do, symmetry due to reduced symmetry in the Hamiltonian. The linearized gap
equation can be written in a matrix form

+sin(k - 1, — ¢y ) sin(k - Iz — ¢y)

Ao A; By Bp\[Ao
Al =J|B; Ay By ||A (A10)
Az B, B, Az AZ

Here, A1) and By ) are the corresponding prefactors of Ag in the Eq. (A9). The solutions of the above equation is given

by, A, — B, = % with the eigenvector: (0,1,-1)/ \/5) which is d,,-wave. Another set of solutions are %(Al + Ay +

+ \/(Al —Ay - By + 83%) = % The eigenvectors of these solutions are a superposition of the s and d,._,-wave:

a;(2,-1,-1)/ V6 + a)(1,1,1)/ V2. The prefactor a; and a, are a function of Ay, A;, B; and B,. These results simplify to s,
d_,p and d,,-wave solution for the isotropic case preserving Dg, symmetry as reported in Ref. [30].
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Supplemental Materials: Inducing and controlling superconductivity in Hubbard honeycomb
model using an electromagnetic drive

In this supplemental, we present the mapping of time-dependent Hubbard model to the Floquet #-J model. We start with a
time-dependent Hamiltonian for a Hubbard honeycomb lattice given by

-
H@ = ) 1€ O] cjo+he.+ U Y nigny. 51
(o i

Here, t;; is the hopping between nearest neighbour sites-i, j and U is the onsite electron repulsions. 6F;;(?) is the Peierls phase
given by 0F;;(t) = F(¢) - (r; — r;) where F(¢) is the vector potential of the light. Also, the Hamiltonian is periodic in time with the
interval T, H(t + T) = H(¢).

S-I. SCHRIEFFER-WOLFF TRANSFORMATION

We change to a rotating frame given by the transformation H(r) = VIH(t)V - iV'V using the unitary operator,
V(1) = 7'Vt Zimianis [33][34]. Here, i = 1.

The Hamiltonian in new gauge is given by
H(r) = Ut Zimiyniy Z tij(eif;Fij(f)C;';TCjo_ + h_c_)e*iUfzi”iTnil
(ijo

= Z tijlhis + €V nig 179 Oc!_cjo)lhjs + e V'njz] + hec.
{ij).o

(SD

In the above equation, we have used the relations; ¢; 1, = i, n,',(,czq =cf nisCiy =0, cjzgn,',(, =0and h;, =1 — n;,. One

1,0
can further reorganize the above Hamiltonian (i > j) as
H() = Z l[jeiéFij(t)gij(r +h.c. + Z lijeiéFiﬂ"(’)JriUthji(r + tijeidFif(t)_iU’hija + h.c. (S2)
(ij)o (ij).o

The terms g; ;- and h;;, in the above equation arise due to the restrictions imposed by the Hubbard term and are given by

Cho t
Gijo = higCiyCiohje + nigc; Cionjs

_ ¥ _ T
hijo = higC; CjoNjcs hjig = hjaC iy Cigig (S3)

L B A L e
hijo- - nl,d'cia—cjohja'a hjio’ = n],(rcjo-cz(rhza'

Notice that g:ja = gjir, but hjja # hji. The first term in g;; denotes the hopping of holons, whereas the second term denotes
the doublons. hjjg denote hoping from a holon to doublon. After deriving the Hamiltonian in the new gauge, one can map these
Hamiltonian to a time-independent Floquet Hamiltonian. We consider the case of both cirularly and linearly polarized light to

map these onto Floquet #-J model.

A. Circularly Polarized Light

We consider a circularly polarized light (CPL) for which vector potential is given by F(r) = {[sin(w?)é, — cos(w?)é,], where
{ = A/w. Peierls phase in the Hamiltonian, 6F;;(t) = F(¢) - (r; — r;) = { sin(wt — ¢;;), where r; — r; = cos(¢;;)e, + sin(¢;;)é,,.

To map the time-dependent Hamiltonian to the time-independent form, we make use of the time-periodicity and use the
Fourier transform (FT) given by H, = 7 fOT dtH(t)e~"!. We Fourier transform each term in the Eq. (SI). FT of g, is given by

| : | "
T f dtel(iF,_,(t)e—tlwtgijo_ — T f dtez(g’ sm(wt—q),_,)—lwt)gij(r — eilhﬁ”jlgij(r (S4)
0 0

For the FT of £, one consider U = kw, with k and / being co-prime. FT is then given by

U (T sr osivr i | .
- O+iUL —ilwtp T _ i(¢ sin(wt—¢;)—(I-k)wt) .t _ —i(l-k)¢;; T
T fo dte'"ii e hl.jg =7 fo‘ dte i hija =e 4 jil_khl.j(r (S5)



In the above equations, J,({) = 7 fOT el&sin@n=lon goyt is the Bessel functions of first kind and hence follows the relation
J-(0) = (=1)' (). Hamiltonian in Eq. (S2) can hence be written in the Fourier basis given by

Hi= ) T ™ g0 + T 1 Qe gl + T e hl + Tr@e Oy,
(o (S6)

T Qe TR+ T (e

For the sake of convenience, we have have dropped the prefactors (7;;), but will retrieve it in final form of the Hamiltonian.

High-frequency expansion:— In the high-frequency limit, the effective time-independent Floquet Hamiltonian [34] can be
written as,

e

HeFZH;’;g, where, HY =H.,  HY= Z—[HZ,H_Z] (S7)
n=0

The high order (V) terms are of the order (1/w") and hence allows for simplification. In our our work here, we evaluate only
the leading correction. Also, we are interested in the low energy dynamics, we therefore, use a projector Py = Hﬁi (A =niqn )
to remove doubly occupied states. The zeroth order term is given by

POH;%)PO = PoH;-0Py = 9o Z (hi,&)czo-cj,(r(hj,(}) (S8)

({ij).o
To evaluate the leading correction, we need to evaluate Po[H H_;]Po/!. The term corresponding to g, simplifies as,
Py Z [T gi s T-1(D)e™ g0 1Po = TUOT-1(L) Z [-2isin({[¢y; — ¢ij])]hi’,&C;,(,-hi,&cj,o-hj,&

(ij),o ('ijy,o
@' jyo’

(S9)

Here i’ and j are next nearest neighbours (NNN) and similarly the other terms corresponding to g; ;- can be evaluated.
In the term corresponding to doublon to holon and vice versa hopping, only the terms without any double occupancy survive.
We here present terms of the form, 4 Wh and h; wh There are two possibilities: a) i/ = i and j* = j (two-sites)

ijo’ ijo’*
Po Y [Tk % by, T Qe 0L 1P =+ T2 D hjiorh,
((}I})(T, (ijoo’
< =k)ij 7, i(~1+k I~k 2 i (510
Po Y 1T @e hL T De TN 1Py = ~(=DFIEQ Y o,
(ij)o, (ij).o.0”
(o’
and b) j/ = i (three-sites)
Py Z [Tk Qe 0 by, T 1L )efi(flfk)(ﬁ”hjjo]P 0= +-D"Th, Z eii(Hk)@"ﬁ@i)hi’i‘f’h?ja
(ij).o, (i'ijy,o0’
‘e (S11)
Po D LT Qe ] T ey 1Py = (1RGSR
(ij).o, {ijyo0o’
.o’
Similarly, one can evaluate the expression of the form, A; /f’h/ and h; j(,hj'l(r
Using the above expression for the term in the Fourier basis, the first-order correction is given by
H;, H_ 2isin(l[¢ri — ¢i; 2isin(l[¢p;; — ¢;;
py A p —(—1)1(3“,)2(—( ? ¢’])h,-, 5Ch higCiohis + Uopi= i, hy o', oo Ciohi)
lw lw ToRe R lw I o
(j 1+1<) ¥ (j —1)° i (T’ i (Fam)? 5 .
h}zo’ hz](r - hJ"T hl](r lw hijg"hjio’ - lw hlJO' hjl(r [Z_SHCS]
H/—’ ———
-1 -1
NP N . (S12)

+ ((_1)l+/<ﬁe*l(l%)@wﬁ%) _ (_l)l*kﬁe*l(l*k)(rbirt?)ﬂ[))hi,ia_,hl]ja [3-sites]

I--l
N Nfs
+ (_1)l+k l(l;—ke—l(l+k)(¢fj/—¢” ( 1)[ k l(luk —l(l k)(¢ij— ¢”/))h

]1(r

1—>-1



Notice that in the above equation, the substitution / — —/, allows one to change the summation over / from [ € [1, ) to
[ € {(—00, 0) — 0} and also remember J_;({) = D', 1(0). One can therefore, rewrite the first order correction as

ZPO HI,H_ Z Z (j)zlsm(lwm bij +ﬂ])h,gc hiscrohys + .+ ($+k) Bl

l(/.) Jioo

(ij.o0 17;0 (S13)

(jl+k) wopt oy T’ Tl il @by, T RSyt

Jio l_]()' lw ijo Jio

In the honeycomb lattice, ¢y, —¢;; = +(—) 7/3 and ¢;;; —¢;; = +(—) m/3 for the anticlockwise(clockwise) next-nearest hopping
given by 7;; = +(=). Also, using the substitution / + k — =" and —I' — I’. We can then rewrite the above equation as

o, [Hi,H lSln(27rl/3) + = (jz )2
Z PO o [ Z le(m)z C jo’hj ot h.c o (hlj(T jio + hjl(fhl]o—)
=1 (ijy,o,0" l——oo I'=—0c0,
ek (S14)
- Z Tij l,(jl [cosnl’ /3)(hyio hT + hj o h o)+ sm(27rl’/3)(h,p Gio + hjmhl‘j(r)]}
1’;& %
We make use the relations given below to rewrite the Hamiltonian into a #-J model [35}47]]
Z (hijor by + hjig ) = =2 Z(S .S, - Z Jhicnionjchis) (2~ sites]
(ij),o0’ ijo (SIS)
Z (hvigrh 110' j Jjo' hj,(,-) = Z [hio"cza-nkﬁ'hkocja'hja‘ - hié'ci,(,-(Ckc—rcko')hké'cjd'hja] [3 — sites]
(ij),o,0" ik j,o

In the above equation, the first term corresponds to the double spin flips and the second term corresponds to three-site hopping
both with and without spin-flips. We notice that the leading corrections given by Eq. (S14) are of the order of 1/w. Further, the
first terms of NNN hopping does not contain the term / = 0, which is the only Bessel term that contributes for small £, this can
become important when () vanishes [38]]. Also, the three-site hopping given by the is ignored for the sake of simplicity as
is usually the case in these downfolded #-J models at low doping. In this work, we limit ourselves in the small ¢ regime. We
therefore use the high-frequency approximation which leads to two set of cases:

a) t < U < w: In this case only the I = 0 contribute to the leading correction term in Eq. (S14)), and the Floquet Hamiltonian
is given by,

Ht<<U<<w jO(g)Ztl]hl (,-CID_CJ(,- o+ Z(jo(())z (S S - Z 4 z(rnl(rnj(r’h i) (S16)

ij.o ijo

b) t < w < U: In this case, since U is the larger energy scale, we use the approximation /w/U < 1 and the relation
S _o(J1)* = 1. The leading correction is given by

21 21,

) ij («7[ ij 1

Hay ~ D, = iohiyy + hihy,) Z Th Tyl = 225 S 8i= X ghiamatichio) (S17)
ijo,o’ ijo a’

l’¢ k

Therefore, in this limit, the Floquet Hamiltonian is given by

1
~ Jo(d) Z tijh I(rclo—cjﬂ' o T Z j - Z Zhi,ﬁ'nionj(r’hjﬁ') (S18)
p

i,j,o ijo

In above equation, with the definition of superexchange given by J = 2

<> we have presented a simplified time-independent
Floquet #-J model derived from the time-dependent Hubbard model.

B. Linerarly polarized light

We consider a linearly polarized light along the y-direction for which the vector potential is given by F(f) = { sin(w?)é,,, where
{ = A/w. Peierls phase is given by 6F(t) = F() - (r; — r;) = { sin(wt) sin(¢;;) where r; — r; = cos(¢;;)é, + sin(¢;;)é,,.
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To map the time-dependent Hamiltonian in Eq. (SI) onto a time-independent form, we Fourier transform (FT) the rotated
Hamiltonian given by H; = % fOT dtH(t)e ™", FT of the gijo term is given by

I 1
T f dtet&F,-_,(t) llwtgz](r — 7 f dtel(( sin(wt) sin(¢;;)— lml) jl(g Sln(¢z]))gza10' (S 19)
0 0

Whereas, for the FT of terms of form £;.-, one assumes U = kw, with k and [ being co-prime. The FT in this case is given by

1 T iSF: (£)+i _il + 1 d i(si sin(é: )—(I—k .
T L‘ dte’6 ,,(t)HUze lwlh;jg- — ? fo‘ dtet({sm(mt) sin(¢;;)—( )mt)hj"ja— — m—k(g SIH(¢”))]’lT . (SZO)

The three nearest neighbours for every site are given by ¢;,; = n/2 + 2r{/3 for £ = {0, 1, 2}. The magnitude of the phase factors
along the three bonds are anisotropic and are given by sin(¢;,;) = {1, —%, —%} for the three bonds ¢ = {0, 1,2} respectively.
Finally, one can write the Fourier-transformed Hamiltonian as

€ ~ £ 4
Hl Z Z *7-1 Gicjor + j—lgl[J(T + *71 k l(_](r + j—l+k Jieo + j-l-%—khifja' + j_l_khjim']

ij,o €=0,1,2

= > |91 gijr + T A} 1y + Tik OB + T4l OBSy o + Ttk Dy + T 1O S21)
ijo

+ 3 TALIDGicjo + TWEIDG, 1y + T 1k LIV, s + TG IR o+ Tl & I Dhijir + Tiok I D
=12

and here j'f = Ji(¢ sin(¢;, ;). Following the discussion in CPL case, one can write the time-independent equation using high-
frequency approximation. Since, we are only interested in the singly occupied sector, we project the Hamiltonian with projector
Py = Hf; (1 = ni1n;)) and the zeroth order term is given by

PoH Py = PoHoPy = Z [jo(,()hio,&czwcj,ahj,& + Z jO(g/z)hig,&cj'—[’o-cj,(rhj,& +he] (S22)
i =12

The leading correction is given by [H;, H_;]/l. Since, there is no phase factor associated with the terms, the chiral NNN
hopping term vanishes. In this case also, we neglect the three site-hopping term as in the case of CPL. The commutation for
superexchnage terms are given by

Po D T iy T il 1P = >+ Tl sin(gy, )P hjigr b,

J, i’
i'jo
. R (S23)
Po D LTL, 1 TEihyie1Po = Y [ Tia@ sin@i W Phjioeh} 1 = o 1 =1
ijo, ijo,o’
o !
The leading order correction without the three site terms is given by
[Hl, ] tij : +
Z Po—= =P = Z 2 I i i W + R B, (S24)
llT;txl)( ijo,o’
Explicitly, one can write the leading correction term as
M o i i Nt PN /)’
Hy ~ [(h,w o ol ) Z T+l " Z Gicjo s + il i) T+ lwlU (S25)
IJU'O’ I'=—0c0,
1;: % r#—k

We limit ourselves in the small { regime as was the case in CPL. In the high-frequency approximation depending on the U and
w, we have two cases:
a) t < U < w: in this case, only the I = 0 term contribute to the terms with U and the leading correction is given by

HY~ > - [(jo(é'))z(hwa Foo T Biorht )+ D (ToI2D iyl + hjioh] )] (S26)

ijo,o’ (=12



Using Eq. (ST3), one can write the above equations in as a spin Hamiltonian. The leading correction is given by

2ti2' 1 1
Hy = 3 T |(To@PSiySj = 3 shivanioniohia) + ) (ToCI2Y S 8; = 3 Thianianiohis)| — (827)

ijo =1,2 o’

b) t <« w < U: In this case, we use the approximation lw/U < 1 and the identity ;> J1()J({) = 1 for all £, and
Do JUT1(¢/2) — 1 for small {. Here, the leading correction is given by

21%
HY ~ S S 88, Y S homne e | 529
ij,o €=0,1,2 o’

Therefore, using the above equations and Eq. (S22)), the #-J Floquet Hamiltonian is given by

Hr = Y 5[ Jo@higsc] ciohio+ Y To&IDhiac) jrhis +he]+ HY (529)
ijo (=12

From the above equations one can see that that in the limit 1 « U < w, superexchange is modified whereas, in the limit
t < w < U, it is unaffected. On the other hand, hopping is rescaled by the Bessel function in both the cases.
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