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We propose a method for controlling the exchange interactions of Mott insulators with the strong
spin-orbit coupling. We consider a multiorbital system with the strong spin-orbit coupling and a
circularly polarized light field and derive its effective Hamiltonian in the strong-interaction limit.
Applying this theory to a minimal model of a-RuCls, we show that the magnitudes and signs of
three exchange interactions J, K, and I' can be changed simultaneously. Then, considering another
case, in which one of the hopping integrals has a different value and the other parameters are the
same as those for a-RuCls, we show that the Heisenberg interaction J can be made much smaller
than the anisotropic exchange interactions K and T'.

Periodic driving enables us to control the magnetic
properties of solids. The solution to the Schrodinger
equation for a periodically driven system satisfies the Flo-
quet theorem because of time periodicity of the driving
field [1, 2]. In particular, the time evolution in steps
of the driving period T can be described by a time-
independent Hamiltonian [3]. Since its parameters usu-
ally depend on the amplitude and frequency of the driv-
ing field, the properties could be controlled by tuning
the driving field; such control is called Floquet engineer-
ing [4-6]. For example, by applying E(t) = Ejcoswt
to a single-orbital Mott insulator and tuning Ey and w,
we can change the magnitude and sign of the antiferro-
magnetic Heisenberg interaction between magnetic mo-
ments [7, 8]. Moreover, for a multiorbital Mott insulator
without the spin-orbit coupling (SOC), we can control
the antiferromagnetic and the ferromagnetic contribu-
tions to the Heisenberg interaction via a time-periodic
electric field [9, 10]. Such control could be used to en-
gineer the magnetic properties of solids because the ex-
change interactions are key quantities describing magne-
tization dynamics [11] and spintronics phenomena [12].

Although the magnetic properties of solids are affected
by the SOC, the Floquet engineering of Mott insulators
with the strong SOC is lacking. The magnetic proper-
ties of Mott insulators with the strong SOC are described
by spin and orbital coupled degrees of freedom [13, 14].
As a result, not only the Heisenberg interaction but also
the anisotropic exchange interactions contribute to the
effective Hamiltonian [15-19]. For example, the effective
Hamiltonians for a-RuCl; and the honeycomb iridates
possess the Heisenberg interaction, the Kitaev interac-
tion, and the off-diagonal symmetric exchange interac-
tion [18, 20-22]. Then the combinations of the Heisen-
berg interaction and the anisotropic exchange interac-
tions cause various types of magnetic order [18, 22-27]; if
the Kitaev interaction is dominant, the spin-liquid states
are stabilized [28]. Controlling the exchange interactions
via a time-periodic field may provide a new opportunity
to engineer their properties. Nevertheless, it is unclear
how a time-periodic field changes the exchange interac-

tions of Mott insulators with the strong SOC.

In this work, we study the exchange interactions of
periodically driven Mott insulators with the strong SOC.
We use a ta4-orbital Hubbard model in the presence of the
strong SOC and a circularly polarized light field on the
honeycomb lattice and derive its effective Hamiltonian in
the strong-interaction limit. Applying this theory to the
case of a-RuCls, we show that the magnitudes and signs
of three exchange interactions can be changed. Then,
studying another case of our model, we show that the
Heisenberg interaction can be made much smaller than
the anisotropic exchange interactions.

Setup.—We consider a periodically driven multiorbital
system described by

H = Hgg + Hsoc + Hint, (1)

where Hkg, Hsoc, and Hiys represent the kinetic energy,
the atomic SOC [14], and the local multiorbital Coulomb
interactions [29], respectively. The kinetic energy is given
by the hopping integrals of the to4-orbital electrons on the
honeycomb lattice (Fig. 1) in the presence of a circularly
polarized light field E(t) = *(Eg coswt — Fysinwt). The
effects of E(t) are treated as the Peierls phase factors:

Hygg = Z Z Z tiajbeiie(Ri7Rj).A(t)c'iracrcjb<77 (2)

i,j ab o

where A(t) = t(—% sinwt — % coswt); hereafter we use
h = 1. Then the atomic SOC of Hgoc is given by the
LS coupling for the ta4-orbital electrons [14]. The terms
of Hiyt consist of the following interactions [29]:

Hint = Z{Z CIaTC-irai[Uisawb + J/(l — 5a,b)]cib¢0ibT

i a,b
!
+ § § Cjagcjbg/ (U Cibo' Ciaoc — JHCibUCiao/)}- (3)
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As a specific example, we consider a minimal model
of a-RuCls [18]: tiq;p’s in Hkg can be parametrized by
three hopping integrals between nearest-neighbor sites on



FIG. 1. Structure of the honeycomb lattice. X, Y, Z de-
note three different nearest-neighbor bonds. Black and white
circles represent A and B sublattices, respectively.

the honeycomb lattice (Fig. 1). Namely, for the Z bond,
the finite tiaﬂ)’S are given by tidyzjdyz = lid,,jd., = t1,
Lidy.jd.. = tid.,jd,. = t2, and Lidyyjde, = t3; for the X or
Y bond, similar relations can be obtained from symmetry
arguments [18]. Then the low-energy properties can be
described by the jeg = 1/2 states [18, 30, 31], [+); =
%(deyz¢ + icjdzzi + dexy']‘)|0> and |-); = %(CLWT -
iczdmT - de:yi)m)’ in which the spin and the orbital are
entangled by the strong SOC. Since such entanglement
is the key property of the strong SOC [14], this model
will be sufficient for analyzing essential physics in the
presence of the strong SOC.

Floquet theory of Mott insulators.—We derive an ef-
fective Hamiltonian for a periodically driven Mott in-
sulator using the Floquet theory [10]. To derive it, we
consider the strong-interaction limit in which #;4;,’s are
much smaller than the energies of doubly occupied states,
U+2J,U0—-J,U —Ju, and U + Jy [19, 32]. In this
limit, we can approximately express the solution to the
Schrodinger equation, |W),, as [U), &~ [¥o); + |P1), [10],
where |Ug); and |¥;); denote the states without and
with, respectively, a doubly occupied site. As a result,
the Schrédinger equation reduces to a set of simultaneous
equations:

10¢|Vo)r = PoHxg|Y1): + Hsoc|¥o)t, (4)
10| W1); = Hxr Vo) + (PLHkeP1 + Hing)|[¥1):,  (5)

where flim = Hint + Hsoc; Po and Py denote the pro-
jections onto the subspaces without and with, respec-
tively, a doubly occupied site. Hereafter we concentrate
on the high-frequency case in which w is much larger than
tiajp’s. In this case, we could replace the time-dependent
operator P1HggP:1 in Eq. (5) by its time-averaged
one Hxp = 3 ;300 X0 tiajpJo(uif)Pielyycjoo P [10],
where J,(u;;) 1s the nth Bessel function of the first
kind and u;; = “Zesgn(i — j) [33]; the distance between

w
nearest-neighbor sites is set to unity. By using this re-

placement, we can solve Eq. (5); the result [34] is

e*lnwt

- tia bj—n(uz)
V), = E E J A S el e o Wo)t,
| 1>t oo — HKE —Hint iao Cjb | 0>t
(6)

where j,n(uij) = j,n(uij)eiineij, and Hij = Hji = %,
T, or 5?” for the Y, Z, or X bond, respectively. Fur-
thermore, since Hi, gives the largest contribution of
the terms of Hyxp and Hipy (= Hint + Hsoc), we replace
nw— Hygg — Hipg in Eq. (6) by nw— Hiy; this replacement
may be sufficient if w is non-resonant, i.e., the denomi-
nator of Eq. (6) does not diverge. By using Eq. (6) with
this replacement and omitting the constant term (i.e.,
Hsoc|Wo)t), we can rewrite Eq. (4) as

10¢|Wo)r = Heg(t)|Wo)s, (7)

i,5,a,b,0 n=—00

where
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The leading term of Heg(t) is given by the time-
independent Floquet Hamiltonian. Since Hog(t) is time-
periodic, it can be expressed as the Fourier series
Heg(t) = >, e"™'H;. Furthermore, by using a high-
frequency expansion of the Floquet theory [4-6], Heg(t)
can be written in the form Heg(t) = Ho+O(w ™). There-

fore the time-averaged Hoq(t), Heg, gives the leading
term of Eq. (8); Heg is given by

s A
Hg=>_ > > > tjcidfiajbpocjcazcida/#

T int
i,j a,b,c,do,0’ n=—00

X C-»r Cjbgpo. (9)
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Application to periodically driven a-RuCl3.—Applying
the above theory to the minimal model of a-RuCls, we
derive its Floquet Hamiltonian. This derivation can be
performed in a way similar to the derivation in the ab-
sence of a driving field. Here we describe the main
points of the derivation (for the details, see Supplemen-
tal Material [34]). To derive the expression of Heg for
the minimal model of a-RuCls, we suppose that in the
subspace of |¥g); a single hole occupies the jeg = 1/2
states per site. We also rewrite H;y using the irreducible
representations of doubly occupied states [19]: Hiyy =
>i2org UrlisTgr) (i1, gr|, where Ua, = U + 2J',
Ug = U—J/, Upr, = U/—JH, and Ur, = U/+JH;
|i;T, gr)’s are expressed in Supplemental Material [34].
Then, by calculating the contributions of possible hop-
ping processes to Heg, we obtain [34]

Heg = > [JS;8;+ KS]S] +T(S~S] +878%)], (10)
(i,5)
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where
S i 4jn(uij)2{ (2t1 + t3)2 612
_n:ﬂ)o 27 U+2J —nw U +Jg—nw
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and (o, 8,7) = (z,y,2), (y,2,2), (2,2,y) for the Z, X,
Y bond, respectively; J, K, and I' are the Heisenberg
interaction, the Kitaev interaction, and the off-diagonal
symmetric exchange interaction, respectively. [These ex-
pressions hold also for E(t) = *(Ep coswt Eysinwt).]
We now show how J, K, and I' vary with w and w;;.
To do it, we numerically evaluate Egs. (11)—(13). We
set t1 = 47 meV, to = 160 meV, t3 = —129 meV [35],
J =Jdu, U =U—-2Jy, U =3¢V, and Jy = 0.5 eV; we
replace > >~ s by ZZZ"B‘nmx’s and set npmax = 500.
Figures 2(a) and 2(b) show the |u;;| dependences of J,
K,and I" at w = 3 and 2.2 eV. We see that by changing
|uij|, the magnitudes of J, K, and I' can be changed at
w = 3 and 2.2 eV; and that at w = 2.2 eV it is possible
to change not only their magnitudes but also their signs.
For a deeper understanding of the above results,
we perform some analyses of Egs. (11)—(13). Since

J = Jg and U = U — 2Jy, J, K, and T' can
be rewritten as follows: J = J; + Jo + J3, where
4T (wi)? (2t1413)> 8Tn (uij)? (t1—t3)?

']1:277, 7J2:Zn

27(U+2Jg —nw) 27(U—Ju—nw) ?

8Tn (wij)?t1 (t1+2ts) |

and J3 = Zn 9(U—-3Ju—nw) K = Ki + Ko,
where K; = > 4‘7n(1§i(j[}2,[3}§:,(lt;)_t3)2]and K, =

AT (ui3)?[(t1—t3)* —313] |
9(U—-3Ju—nw) )

>on and I' = T'y +I'y, where I'y
8Tn (wij)ta(t1 —t o 8T (uij) ta(tz—t

Zn 9((IJ—§JH2£717,UJ)3) and I'y = Z 9((U—)JH2—(7:UJ) K - For
the hopping parameters of a-RuCls, J; is much smaller
than .Jo and J3; as a result, J ~ Jy + J3. This is the
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and (b)] and another case [panels

origin of the in-phase |u;;| dependences of J, K, and T’
[Figs. 2(a) and 2(b)]. Then we can understand the sign
changes of J, K, and I' at |u;;| ~ 0.4, 3.5 [Fig. 2(b)]
by estimating the dominant contributions. We make the
estimate of J because the sign changes of K and I' can
be understood similarly. For w = 2.2 eV, the dominant
contributions are given by

J & (J3 4 J9)To(ui)? + (Jgea — Jges) Ti(uig)?,  (14)

0 _ 8(ti—t3)> 70 _ 8ti(t1+2ts) _ U—Ju
where J5 = sz=in J3 = Sr—sm) 0 ©2 T 5w,
U-—3Jx

T and w = U — 3Jg + dws = U — Jg — dws (ie.,
5&)2 = 0.3 eV and 5W3 = 0.7 eV) At |’UJ1]| = O, J is
ferromagnetic, i.e., negative, because J9 and JY satisfy
J9 >0, J9 <0, and J? + J < 0. As |u;;| increases,
the term including Ji(u;;)? in Eq. (14), the positive-
sign contribution, becomes considerable and causes a sign
change of J. With further increases in |u;;|, Ji(ui;)?
approaches zero, and the sign of J changes again.

Application to another case.—We consider another
case and study the effects of the driving field on the ex-
change interactions. In this case, we set t3 = 129 meV
and use the same values of the other parameters as those
used in the case of a-RuCls; in a set of these values, Jy
is comparable to Jo and J3. Although it may be difficult
to change the value of t3 in a-RuCls, we study this case
to clarify how the driving field changes J in the presence
of non-negligible J;. Figures 2(c) and 2(d) show the |u;;|
dependences of J, K, and I' in this additional case. We
see that the |u;;| dependence of J differs from that of K
or I'. In particular, J can be very small in magnitude,
while K and T' are finite [see, for example, their values
at |u;;] = 1.6 in Fig. 2 (d)].

Discussion.—We comment on the validity of our the-
ory. First, the hopping integrals of our model are simpli-
fied compared with those obtained in the first-principles
calculations [21]. However, since the leading terms are to
and t3 [21], our model may be appropriate for a minimal
model of a-RuCls. Then the obtained |u;;| dependences
of J, K, and I might be affected by the doublon-holon
hoppings described by Hyp. Nevertheless, we believe our
results remain qualitatively unchanged. This is because
the previous studies [9, 10] show that in the frequency

, C3 =




range where the correction due to Ji(u;;)? is important
and the corrections due to J,(u;;)?’s for n > 2 are less
important (the range of U —2Jy < w < U in Ref. 9), the
effects of the driving field on the exchange interactions re-
main qualitatively unchanged even if the doublon-holon
hoppings are taken into account.

We also remark on heating effects. The periodi-
cally driven system eventually approaches an infinite-
temperature state [36, 37]. However, at intermediate
times ¢ < 7 [38], it can be approximately described by the
Floquet Hamiltonian as long as w is non-resonant [10] and
much larger than the exchange interactions [3, 39-42].
Since these conditions hold in our study, the properties
similar to our results could be realized experimentally.

We now discuss the implications of our results. First,
our results in the case of a-RuCl; indicate that by tuning
w and changing FEj, one can change the magnitudes and
signs of the three exchange interactions of periodically
driven @-RuCls. In particular, by using this method,
the Kitaev interaction can be made ferromagnetic (nega-
tive) or antiferromagnetic (positive). Since its sign dras-
tically affects the magnetic properties of materials with
the strong SOC [22, 43], our results will provide an oppor-
tunity for connecting the ferromagnetic and the antifer-
romagnetic Kitaev physics. Such control of the exchange
interactions could be achieved by pump-probe measure-
ments. Then our results in another case suggest that
if the contribution from the doubly occupied state with
A symmetry is non-negligible, it is possible to make the
Kitaev interaction much larger in magnitude than the
Heisenberg interaction. Therefore the periodically driven
Mott insulator with the strong SOC and the hopping in-
tegrals that lead to such a contribution may be suitable
for realizing the Kitaev model [28] and the spin liquid.

Conclusions.—We have studied the exchange interac-
tions of the Mott insulators with the circularly polar-
ized light field and the strong SOC in the two cases. In
the case of @-RuCls, we have shown that J, K, and T’
have the similar |u;;| dependences, and that their magni-
tudes and signs can be changed by tuning w and varying
Ejy. These properties can be utilized for changing the ex-
change interactions of a-RuCls and controlling its mag-
netic properties. In another case, we have shown that
the |u;;| dependence of J differs from those of K and T,
and that J can be made much smaller than K and I' by
tuning |u,;|. The latter property suggests a new possi-
bility of realizing the Kitaev spin liquid. Our results will
provide the first step towards controlling the exchange
interactions and the magnetic properties of periodically
driven Mott insulators with the strong SOC.

This work was supported by JST CREST Grant Num-
ber JPMJCR1901, JSPS KAKENHI Grant Numbers
JP19K14664 and JP16K05459, and MEXT Q-LEAP
Grant Number JP-MXS0118067426.

* arakawa@phys.chuo-u.ac.jp

[1] J. H. Shirley, Solution of the Schrodinger Equation with
a Hamiltonian Periodic in Time, Phys. Rev. 138, B979
(1965).

[2] H. Sambe, Steady States and Quasienergies of a
Quantum-Mechanical System in an Oscillating Field,
Phys. Rev. A 7, 2203 (1973).

[3] T. Kuwahara, T. Mori, and K. Saito, Floquet-Magnus
Theory and Generic Transient Dynamics in Periodically
Driven Many-Body Quantum Systems, Ann. Phys. (Am-
sterdam) 367, 96 (2016).

[4] M. Bukov, L. D’Alessio, and A. Polkovnikov, Universal
High-Frequency Behavior of Periodically Driven Systems:
from Dynamical Stabilization to Floquet Engineering,
Advances in Physics 64, 139 (2015).

[5] A. Eckardt, Colloquium: Atomic quantum gases in pe-
riodically driven optical lattices, Rev. Mod. Phys. 89,
011004 (2017).

[6] T. Oka and S. Kitamura, Floquet Engineering of Quan-
tum Materials, Annu. Rev. Condens. Matter Phys. 10,
387 (2019).

[7] J. H. Mentink, K. Balzer, and M. Eckstein, Ultrafast
and reversible control of the exchange interaction in Mott
insulators, Nat. Commun. 6, 6708 (2015).

[8] J. H. Mentink, Manipulating magnetism by ultrafast con-
trol of the exchange interaction, J. Phys.: Condens. Mat-
ter 29, 453001 (2017).

[9] J. Liu, K. Hejazi, and L. Balents, Floquet Engineer-
ing of Multiorbital Mott Insulators: Applications to Or-
thorhombic Titanates, Phys. Rev. Lett. 121, 107201
(2018).

[10] K. Hejazi, J. Liu, and L. Balents, Floquet spin and spin-
orbital Hamiltonians and doublon-holon generations in
periodically driven Mott insulators, Phys. Rev. B 99,
205111 (2019).

[11] A. Kirilyuk, A. V. Kimel, and T. Rasing, Ultrafast opti-
cal manipulation of magnetic order, Rev. Mod. Phys. 82,
2731 (2010).

[12] 1. Zuti¢, J. Fabian, and S. D. Sarma, Spintronics: Fun-
damentals and applications, Rev. Mod. Phys. 76, 323
(2004).

[13] B. J. Kim, H. Jin, S. J. Moon, J.-Y. Kim, B.-G. Park, C.
S. Leem, J. Yu, T. W. Noh, C. Kim, S.-J. Oh, J.-H. Park,
V. Durairaj, G. Cao, and E. Rotenberg, Novel Jeg = 1/2
Mott State Induced by Relativistic Spin-Orbit Coupling
in SraIrOy4, Phys. Rev. Lett. 101, 076402 (2008).

[14] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Ba-
lents, Correlated Quantum Phenomena in the Strong
Spin-Orbit Regime, Annu. Rev. Condens. Matter Phys.
5, 57 (2014).

[15] G. Jackeli and G. Khaliullin, Mott Insulators in the
Strong Spin-Orbit Coupling Limit: From Heisenberg to a
Quantum Compass and Kitaev Models, Phys. Rev. Lett.
102, 017205 (2009).

[16] D. Pesin and L. Balents, Mott physics and band topol-
ogy in materials with strong spinorbit interaction, Nature
Physics 6, 376 (2010).

[17] J. Chaloupka, G. Jackeli, and G. Khaliullin, Kitaev-
Heisenberg Model on a Honeycomb Lattice: Possible Ex-
otic Phases in Iridium Oxides A2IrOgs, Phys. Rev. Lett.
105, 027204 (2010).



[18] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Generic Spin
Model for the Honeycomb Iridates beyond the Kitaev
Limit, Phys. Rev. Lett. 112, 077204 (2014).

[19] N. Arakawa, Vector chirality for effective total momen-
tum Jeg in a nonfrustrated Mott insulator: Effects of
strong spin-orbit coupling and broken inversion symme-
try, Phys. Rev. B 94, 174416 (2016).

[20] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Spin-Orbit
Physics Giving Rise to Novel Phases in Correlated Sys-
tems: Iridates and Related Materials, Annu. Rev. Con-
dens. Matter Phys. 7, 195 (2016).

[21] S. M. Winter, Y. Li, H. O. Jeschke, and R. Valenti, Chal-
lenges in design of Kitaev materials: Magnetic interac-
tions from competing energy scales, Phys. Rev. B 93,
214431 (2016).

[22] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den
Brink, Y. Singh, P. Gegenwart, and R. Valenti, Mod-
els and materials for generalized Kitaev magnetism, J.
Phys.: Condens. Matter 29, 493002 (2017).

[23] J. G. Rau and H.-Y. Kee, Trigonal distortion in the hon-
eycomb iridates: Proximity of zigzag and spiral phases
in NazIrOs, arXiv:1408.4811 (unpublished).

[24] J. Chaloupka and G. Khaliullin, Hidden symmetries of
the extended Kitaev-Heisenberg model: Implications for
the honeycomb-lattice iridates A2IrOs, Phys. Rev. B 92,
024413 (2015).

[25] L. Janssen, E. C. Andrade, and M. Vojta, Magnetiza-
tion processes of zigzag states on the honeycomb lattice:
Identifying spin models for a-RuCls and NaIrOs, Phys.
Rev. B 96, 064430 (2017).

[26] J. Wang, B. Normand, and Z.-X. Liu, One Proximate Ki-
taev Spin Liquid in the K-J-I" Model on the Honeycomb
Lattice, Phys. Rev. Lett. 123, 197201 (2019).

[27] J. Rusnacko, D. Gotfryd, and J. Chaloupka, Kitaev-like
honeycomb magnets: Global phase behavior and emer-
gent effective models, Phys. Rev. B 99, 064425 (2019).

[28] A. Kitaev, Anyons in an exactly solved model and be-
yond, Ann. Phys. 321, 2 (2006).

[29] J. Kanamori, Electron Correlation and Ferromagnetism
of Transition Metals, Prog. Theor. Phys. 30, 275 (1963).

[30] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V.
Shankar, Y. F. Hu, K. S. Burch, H.-Y. Kee, and Y.-J.
Kim, a-RuCls: A spin-orbit assisted Mott insulator on a

honeycomb lattice, Phys. Rev. B 90, 041112(R) (2014).

[31] H.-S. Kim, V. Shankar V., A. Catuneanu, and H.-Y. Kee,
Kitaev magnetism in honeycomb RuCls with interme-
diate spin-orbit coupling, Phys. Rev. B 91, 241110(R)
(2015).

[32] S. Ishihara, T. Hatakeyama, and S. Maekawa, Magnetic
Ordering, Orbital Ordering and Resonant X-ray Scatter-
ing in Perovskite Titanates, Phys. Rev. B 65, 064442
(2002).

[33] sgn(i—j) = 1 or —1 when 7 is on the A or the B sublattice
(Fig. 1), respectively.

[34] See Supplemental Material for the derivations of Eqs. (6)
and (10); it includes Refs. 10, 18, 19, and 32.

[35] Our ti1, t2, and t3 correspond to the averages of t1, ti,,
and t}, of Ref. 21, of t2 and t5, and of t3 and t4, respec-
tively.

[36] L. D’Alessio and M. Rigol, Long-time Behavior of Iso-
lated Periodically Driven Interacting Lattice Systems,
Phys. Rev. X 4, 041048 (2014).

[37] A. Lazarides, A. Das, and R. Moessner, Equilibrium
states of generic quantum systems subject to periodic
driving, Phys. Rev. E 90, 012110 (2014).

[38] 7 may be sufficiently large because it is roughly given
by 7 &~ Texp(w/Jex) [3] and our w and exchange inter-
actions satisfy w = O(1eV) and Jex = max(J, K,I') =
O(10meV).

[39] D. A. Abanin, W. De Roeck, and F. Huveneers, Expo-
nentially Slow Heating in Periodically Driven Many-Body
Systems, Phys. Rev. Lett. 115, 256803 (2015).

[40] T. Mori, T. Kuwahara, and K. Saito, Rigorous Bound on
Energy Absorption and Generic Relaxation in Periodi-
cally Driven Quantum Systems, Phys. Rev. Lett. 116,
120401 (2016).

[41] D. A. Abanin, W. De Roeck, W. W. Ho, and F. Hu-
veneers, Effective Hamiltonians, prethermalization, and
slow energy absorption in periodically driven many-body
systems, Phys. Rev. B 95, 014112 (2017).

[42] F. Machado, G. D. K.-Meyer, D. V. Else, C. Nayak, and
N. Y. Yao, Exponentially slow heating in short and long-
range interacting Floquet systems, Phys. Rev. Research
1, 033202 (2019).

[43] L. Janssen and M. Vojta, HeisenbergKitaev physics in
magnetic fields, J. Phys.: Condens. Matter 31, 423002
(2019).



