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Floquet moiré materials possess optically-induced flat-electron bands with steady-states sensitive to
drive parameters. Within this regime, we show that strong interaction screening and phonon bath coupling
can overcome enhanced drive-induced heating. In twisted bilayer graphene (TBG) irradiated by a terahertz-
frequency continuous circularly polarized laser, the extremely slow electronic states enable the drive to
control the steady state occupation of high-Berry curvature electronic states. In particular, above a critical
field amplitude, high-Berry-curvature states exhibit a slow regime where they decouple from acoustic
phonons, allowing the drive to control the anomalous Hall response. Our work shows that the laser-induced
control of topological and transport physics in Floquet TBG are measurable using experimentally available

probes.
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Introduction.—Time-periodic fields can drive materials
into exotic nonequilibrium phases [1-15], with unconven-
tional transport and optical characteristics [16-23] control-
lable by external parameters. In laser-driven twisted bilayer
graphene (TBG) [24-28], a flat-band regime with pro-
nounced electron-electron interaction effects is accessible
away from the magic angles [29]. Generating low-
temperature Floquet states in such a regime requires cool-
ing processes that compensate for strong drive-induced
electron-electron heating. A common cooling solution
involves coupling Floquet systems to low-temperature
phonon baths [3,30,31].

We demonstrate that intrinsic electron-phonon coupling
in TBG and Coulomb screening can stabilize low-temper-
ature steady states in Floquet TBG under terahertz (THz)
frequency, circularly polarized laser drives. In this steady
state, the drive amplitude controls the filling of electronic
states with large Berry curvature, resulting in a highly
tunable anomalous conductivity o,, [16,32-35] [Figs. 1(a)
and 1(b)]. The ability to tune the Floquet steady-state
results from the unique slow electron regime in TBG where
phonons travel faster than—and decouple from—many flat
band electronic states [36,37].

The system.—We begin by constructing the time-
periodic, interacting Hamiltonian for laser-driven TBG
near the charge neutrality point and at a twist angle 6.
The single-particle effective Hamiltonian of undriven TBG

is Hy ="y, £ E,<f> 6,(;?':' é,(fD), where 6‘,({? creates a Bloch state

|Evk) of crystal momentum k, band v, and energy E,(i), near
valley index & = £1 of the single-layer graphene Brillouin
zone [29,38]. The index v = + labels the narrow central
particle and hole bands [Figs. 2(a) and 2(b)] with total
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bandwidth W, which are separated by a large energy gap
from all other bands. We consider a circularly polarized
laser of vector potential A (1) = (£/Q)[cos(Q1)% —sin(Q¢)§]
with electric field amplitude £ and angular-frequency €,
which couples to electrons by minimal coupling k — k +

eA(1)/h, resulting in the time-periodic Hamiltonian H, (7).

The periodic Hamiltonian H(z) gives rise to Floquet
eigenstates |<1>,(;2(t)) with quasienergies g,ii) satisfying
|€,(fl) | <1nQ. We consider the regime W <7Q <2W

corresponding to a single photon resonance within
the central TBG bands. Specifically, we consider
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FIG. 1. (a) Schematic experimental design. Circularly polarized
laser induces nontrivial Berry curvature in the narrow bands [see
Figs. 2(b) and 2(c)], resulting in an anomalous Hall conductivity
6.y TBG lies on top of a dielectric and metallic gate that screen
electron-electron interactions. (b) Anomalous Hall conductivity
vs drive amplitude £ for { = 0.5 and various values of y indicated
on the scale [see below Eqgs. (3) and (6) for definitions of { and y].
The o, features a rapid drop with & below the critical amplitude
&* (dashed line). Here, &, = hvg/(el3,)~7.2x 10* V/m.
(c) Critical amplitude vs cpp/ ygﬁ-, where Ugﬁ- = ve(0) is an
effective electron velocity defined in the text. Enlarged red circle:
E* in (b).
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FIG. 2. (a) Enlargement of schematic narrow bands in a moiré
system. Drive with angular frequency €2 resonantly couples states
along resonance rings (green curves). (b) Undriven spectrum of
TBG along a line in the Brillouin zone indicated by the orange
curve in (c). Dashed frame encloses optically active, narrow

central bands v = £1. (c) Berry curvature Bﬁ in the upper
Floquet band, with blue color intensity proportional to

tanh(ZB,(ﬁ/L@) (color bar) so B,(fz

Dashed lines indicate areas enclosing B<§ peaks at the Dirac
points and resonance ring. (d) Periodic quasienergy Floquet
spectrum of the driven system, having two central bands shown in
(a). The Floquet spectrum exhibits the upper (UFB, a = +) and
lower (LFB, @ = —) Floquet bands, separated by off-resonant
gaps Ag at the Dirac K, K’ points and a Rabi-like gap Ay along
the resonance ring [39—41].

peaks are more visible.

Q=5meV/h and TBG at a near-magic twist angle
of = 1.13° whose Fermi velocity v, ~ 17 km/s (corre-
sponding to W =35 meV in the Bistritzer-MacDonald
model [29,38]) is comparable to phonon speeds in
TBG [42]. The drive mixes the two central bands

v = =£1, resulting in quasienergies 8,(3 with upper and

lower Floquet bands denoted by a = £ [Fig. 2(d)] [24].
The drive opens off-resonant gaps of size Agx=
2e20%E2/hQ? at the Dirac points K and K’ of the moiré
Brillouin zone and a Rabi-like gap of Az ~V along the
resonance ring, which is the ring on the k plane satisfying

E,ﬁ —El((g_) = hQ [green rings in Figs. 2(a) and 2(d)].
Here, vy is the Fermi velocity of the undriven band
structure, V is the energy scale of the drive, and the
expression for Ag comes from the Van Vleck perturbative
expansion [33,39,41,43-45].

The key component for stabilizing Floquet many-body
states is the electron coupling to low-temperature longi-

tudinal TBG acoustic phonons:

A(E)F Opt 4
A, ph = ZM,';"‘ISG k+q+Gy,c§w)(b; +b_,)+He. (1)

k,.q.G
v .E

Here, G is a moiré Brillouin zone reciprocal lattice vector,
and M,”c” ¢ = D\/hepna/ (V2Aupcpn) W” 4+ is the matrix

element with deformation potential D, moiré unit cell area
Ay = V/3L3,/2, lattice vector length L), = a/[2sin(6/2)],
monolayer graphene density p, and monolayer lattice
vector length a = 0.246 nm. The operator l;; creates an
acoustic phonon mode of momentum ¢ with amplitude g,
speed cpp,, and energy ficy,g. The speed of sound cpy, in
TBG is roughly the same as that in monolayer graphene,
but the small Brillouin zone in TBG folds the acoustic
phonon dispersion into many branches [42]. The form-

factor W ; ¢ = (&V'k + q + G|éuk) captures the decreas-
ing coupling of electrons to folded phonon branches
with large G [46]. We also include electron-electron

interactions:

e A AOF A A0
el el — Z Vkl; k>.q4.G k1+q vy k2—q vy Ckz V3 ck1 vy’ (2)

ki ky
q.G
{vité
5 é . .
where V,E ,1 4G = q+GW;:Z/I;iGW ”2_; o With i=1,....4,

contains the screened Coulomb potential V, = e?/(2egAy)
[1 + ecoth(qd)]™! for a gate separated from TBG by a
dielectric of permittivity € and thickness d, where ¢, is the
vacuum permittivity [Fig. 1(a)].

We focus on electron dynamics in its Floquet
basis, treating interactions ﬁel_ph and H,. as weak
perturbations scattering electrons between single-particle
Floquet states [1-3,34,47]. The occupation probability
F,(i)(t) = (f,(i”(t)f,(i)(t)) is described by the Floquet-
Boltzmann equation (FBE) [3,47-49],

FE(r) = BPUFD ()] + ERHFD (0}, (3)

Here, f;c?k(t) creates a single-particle electron state

|d),(€i)(t)), and 1P and IS¢ are, respectively, the elec-
tron-phonon and electron-electron collision integrals,
evaluated by the Fermi golden rule (see Supplemental
Material for FBE details [50]). The steady-state distribution
yields F ,((i) =0, and (},E'?Wt)f,@,(t)) is suppressed for a #
o when 1/79 = 1/78 +1/72" < Agy/h, where 7! and 22"
are the interband electron-electron and electron-phonon
scattering times, respectively, and Ag = min,cz|ep, —
ex— + nhQ| [47,49,53]. Because Aeg = 2Ag is minimal,
the condition is equivalently ¢ =n/(2Ax7%") < 1 [see
Fig. 4(d)]. In Figs. 1(b), 4(c), and 4(d), we show the
maximal ¢ across fields £ plotted in Figs. 1 and 3.

Transport properties.—To probe the electronic dynamics
induced by the laser, we study the anomalous conductivity
in the steady-state of the system [16,31-35,54-56]

Oxy = /dszka ka> (4)
a,t=+
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which averages the product of Berry curvature [16,41,57]

Q

27/Q
5 =2 [ armio, @010, 00 0) ()

T

and the steady-state fillings, F ,(fa) Without the drive,
TBG has fragile topology with o,, =0 at charge
neutrality [58—60]. The circularly polarized laser breaks
time-reversal symmetry between the valleys £ = £1, opens
Haldane gaps in each valley, and produces nonzero o,,.

Our main finding is that 6, can be controlled by the field
strength. It features a rapid drop as a function of the
amplitude of the drive, &, near the critical amplitude &*
[Fig. 1(b)]. This strong dependence on the external field
indicates profound changes in the electronic steady-state
distribution as the drive amplitude changes across £ = £*.
Furthermore, this strong amplitude dependence arises only
when the undriven effective electronic velocity v, is close
to ¢y in TBG [Fig. 1(c)], a condition unique to TBG near
the “slow-electron” regime [36,37].

Phenomenological analysis.—We explain the origin of
the strong dependence of o, on the drive amplitude near
& = &* [Fig. 1(b)] by focusing on key processes affecting
0y, Which involve momentum states (the K and K’ points
and resonance ring, see Fig. 2(c)] with large Berry

curvature B,(fl) We assume that the steady-state occupation

of the upper Floquet band (UFB, a = +) and valley index &

near K are uniform, F< ) — 1(r<)+ fork € Sk, where Sg isa

small circle enclosmg the full-width half maximum of the
Berry curvature peak at K [Fig. 2(c)].
The steady-state occupation emerges as a balance

between the total incoming rate F;ﬁhn into Sx and

outgoing rate F 52|0u[ from Sk. Single phonon emission
connecting the UFB §;, [see Fig. 3(a)] with Sk is the

dominant contribution to F52L|m The two regions are
connected by the phonon light cone [see Fig. 3(a)]. This

rate is FKJF|phln ~ Rin(1 — Fgfl)an) where F( ) is the
average UFB occupation in S;,, and R;, is the average
intrinsic scattering rate. Importantly, R;, is proportional to
the momentum-space area of S;,, denoted A;,, estimated by
counting the UFB states that may scatter to S by electron-
phonon interactions. Hence, &;, is the intersection
between the UFB and phonon light cones originating
anywhere within Sg [Fig. 3(a)]. As Ag and Ag widen
with £, the Floquet bands become narrower [19,24,25], and
A, shrinks, vanishing at £ = £* [Fig. 3(b)]. The critical
strength £ is defined by v (£*) = cpn, Where v () =
maxk/(el(f)+ - e}i{)ﬂk’ —
the K point. By estimating v.;(€), one finds that £
[1 = cpn/ %] for small 1 — c,/v%;, where y depends on
the quasienergy structure and v%; = v (0). One can also

K| is the electronic velocity near

(a) s,

1 2&/&% 4 5

Sout lcon /v ¥0.99 #0.974 ©0.958

FIG. 3. (a) Schematics of the Floquet spectrum and one of the
phonon light-cones originating from the area Sy in the UFB. The
intersection between the UFB (LFB) and all cones centered
in Sg form S;, (Syu)- As € = &, the area of S;, vanishes.
(b)—(d) Numerical verification of the phenomenological model.
(b) Area of Sy, Ajy, vs & for three values of ¢,/ Y. (c) Average
occupation in Sk. (d) Anomalous Hall conductivity o,, for same

parameters as (b),(c). At £ (dashed lines), A;,, F 52, and oy,
sharply change.

show A;, x max(& - &£*,0
Material [50]).
Similarly, the phonon -mediated outgoing rate is

) as £ - £*. (See Supplemental

K+|ph out NROMFKJF(I - ((f,t) where Ff)u)t is the lower
Floquet band (LFB, a = —) average occupation in Sy,
and R, is the average intrinsic rate, proportional
to Ay =[5 d°k, where S, is the momentum region

enclosing intersections between the LFB with phonon light
cones originating from states in Sy [see Fig. 3(a)].
However, unlike A;,, A, does not vanish as & — &*
and instead expands as & increases.

Electron-electron interactions and photon-mediated
Floquet-umklapp (FU) processes introduce additional
terms in the rate equation depending smoothly on £ and
roughly uniformly-spread in momentum. We thus include
an incoming F%ZJ =Ty, (1 —Ffzr) and outgoing rate

r,in

F gfl|mm =g F 52 with T, /ou = Fm Jout T rd Jours Where
Fierll(/%ll)t, are rates of electron-electron (electron-phonon FU)

processes. The strength of FU processes is weaker than
Rou by factors of ~(vpef/Q?)*", where |n| > 1 is the
number of photons emitted or absorbed [3]. FU processes
also impart large phonon momentum transfers that the
form-factor in Eq. (1) suppresses.

In the steady-state, F%hin = F§2r|ph,in + F%Q,ym and

o (& (&
Fg(-)',-|out = F%i—lph,out + FS{l'r,out are equalv and

RmF in + l—‘in
RlnF in + 7?’out( - F f)i)t) + 1—‘in + Iﬂout

Fi = (6)
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Note that F' frf), 1-F E,i)t # 0 due to electron (hole) excita-
tions in the UFB (LFB) generated by FU processes. Since
Rin x Ain, Ry, decreases as a function of £, shrinking to

zero for £ > £ [see Fig. 3(b) for numerical verification].

We expect a similar £ dependence of F 551 and o,,, yet

smeared by additional scattering rates appearing in Eq. (6),

as verified numerically in Fig. 1(b). Additionally,

Eq. (6) elucidates the dependence of Fgfl on the ratio

2= 18/ % Rou/ T # Row /TS [see Fig. 1(b)], with
F¥ - 05 as y — 0. In Figs. 1(b), 4(b), and 4(c), we
display y evaluated at the amplitude £ where ¢ is fixed.

A similar rate equation can be derived for the occupation
probability of holes in the LFB. Because of the emergent,
approximate antiunitary particle-hole symmetry [61-63] at
charge neutrality that is preserved by the drive, the
transition rates in the LFB are roughly similar to those
in the UFB, leading to approximately equal electron and
hole occupations near the Dirac points in the UFB and LFB
(F 52 ~1-F gf?_). Notice that the signs of the Berry
curvatures near the Dirac points in the LFB and UFB
are opposite, resulting in constructive contributions of
electron and hole populations to o,,. Thus, we can
reproduce qualitatively the sharp change of 6,, with £ in
Fig. 3 [24]. Occupations in the resonance ring vicinity
[Fig. 2(c)] yield a similar £ dependence, but with a much
lower critical field (not visible for £ plotted in Figs. 1 and 3)
due to different effective electronic velocities near the
resonance ring.

Numerical analysis.—The results in Figs. 3(b)-3(d)
utilized a simplified toy model describing TBG as a
tight-binding hexagonal lattice, similar to graphene [64],
but with parameters tuned to match vy and the Brillouin
zone size of TBG. This model misses some subtle details
but captures the interplay between electron and phonon
velocities and the large Berry curvature at the Dirac points
and resonance ring. The model represents only the
central v = £1 bands of the undriven band structure, but
since the low drive angular frequency Q is only resonant to
these narrow bands, we can ignore the |v| > 1 bands—
valid when @ is near the magic angle where the |v| > 1
and v = =£1 bands are well separated. In the Supplemental
Material [50], we present the numerical analysis
of a continuum model without electron-electron inter-
actions [29,38,65], which yields qualitatively similar
results, demonstrating that the controllable o, is insensi-
tive to model details. In the toy model, vgff = 18.9 km/s,
and we vary c,, € [17.9 km/s, 19.4 km/s] in Fig. 1(c). In
the range cp, < vY%, the drive induces the regime Cph >
vegr(E) for € > E*. To capture the decaying overlap of the
wave functions for momentum umklapp transitions, in the

toy model, we take W,f’f;/ — (&/k + q|évk)e /4, with

l,,~ Ly /(1.5v/3) representing the radius of Wannier
orbitals localized to TBG layer alignment sites [46,50].

First, we show how solving the FBE [Eq. (3)] for the
steady-state distribution verifies the phenomenological
model. Consider the noninteracting limit by solving
Eq. (3) for FY) with y — co (IS¢ = 0). The left-half
column of Fig. 4(a) shows the noninteracting steady-state
distributions for a phonon bath temperature of 1 K
and cpp =0.990%; in the £€>&° and £ <& cases.
When £ > £ (left bottom quadrant), the Dirac points have
reduced occupations (see zoom-in boxes) relative to when
E < & (left top quadrant), because incoming scattering
rates into Sk g are suppressed (verifying the phenomeno-
logical model). Figure 3(c) shows the occupation near the

K point, F 52, as a function of & for three values of ¢,/ vgff

and verifies A;,, F Eﬁ, and o,, sharply change at the same

critical field £ = £*. Heating induced by FU processes

causes I (,2 to slowly increase with £ > £* [see Eq. (6)].

Next, we quantify the strength of Coulomb screening
necessary to stabilize the steady state, which depends on
the balance between electron-phonon cooling processes
and electron-electron heating processes. We include
I§-e! £ 0 by taking finite y. On the right-half column of
Fig. 4(a), we show the resulting steady-state occupations,

which is slightly closer to the hot steady-state F' ,(2 =0.5

and has more smeared occupations than the noninter-
acting case [left half of Fig. 4(a)]. To quantify the
effect of interactions on o,,, note that, in Fig. 1(b),
o,y drops less rapidly with & <& as y decreases.
We capture this behavior with the visibility parameter

= —maxg_g|0g0,,|/[(e2/h)/Eo). Figure 4(b) demon-
strates how V increases with y. Lastly, we relate y and §
to physical parameters in TBG. Figure 4(c) shows the

0.0 0.5

FIG. 4. (a) Left column: steady-state occupation of the
UFB when y = oo (calculated on a 163 x 163 momentum grid).
Right column: steady-state occupation when y = 0.24 (calculated
on a 73 x 73 momentum grid). Bottom row: strong-drive case
(€ =43&) > &%). Top row: weak-drive case (€ = 0.97&) < £%).
Enlarged boxes: the K, K’ points have reduced occupation when
& > & relative to when € < £*. (b) Visibility V vs y. (c) Value of
x for various € and gate distances d. (d) Value of » for various €
and deformation potentials D, with d = 4 nm. Points in (b),(d):
parameters used in Fig. 1(b).
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necessary gate distances d and dielectrics € to experimen-
tally achieve various values of y, and Fig. 4(d) shows the
values of ¢ and deformation potentials D satisfying { < 1
for d =4 nm. One suitable dielectric is SrTiO; with
€~ 1600 at Q =5 meV/h angular frequencies [66-68];
note that surface optical phonons in SrTiO; are of higher
frequencies than Q and would not interact with electrons in
TBG via direct (non-FU) scattering processes [69].

Conclusion—TBG is a remarkable system whose
Fermi velocity is comparable to the speed of sound.
Upon THz-laser driving, the electronic population dynam-
ics exhibits bottlenecks for electron-phonon scattering into
high-Berry curvature Floquet states, strongly affecting the
anomalous Hall transport. These bottlenecks can be
sensitively controlled by the drive amplitude. If the
undriven effective electron speed is faster than sound
0% > Cpn, @ drive with € > £* induces the opposite regime
ve(E) < cpn, Weakening the electron-phonon coupling
and suppressing the Hall conductivity [Fig. 1(b)].
We also find that a strong & dependence of o,, arises
for efficient Coulomb screening by a close-by gate or a
strong dielectric [70-72]. Experimental advances in
Floquet engineering [32], and THz laser sources [73,74],
show that our predicitions should be accessible
experimentally.

Analysis of UV-visible or x-ray driven TBG is a subject
of future work, which must account for optically active
dispersive bands [24,28]. High-frequency drives could
reduce heating, facilitating fewer electron-electron FU
processes [3] while activating electron-phonon umklapp
cooling processes arising from tightly localized Wannier
orbitals in TBG [46]. (In this Letter, these cooling processes
are suppressed FU processes.) Another interesting direction
involves developing a Hartree-Fock treatment for sym-
metry-broken phases in the steady-state of strongly coupled
TBG [2]. We leave these exciting directions to future
studies.
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