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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 σxy [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 θ.
The single-particle effective Hamiltonian of undriven TBG

is Ĥ0 ¼
P

kνξ E
ðξÞ
kν ĉ

ðξÞ†
kν ĉðξÞkν , where ĉ

ðξÞ†
kν creates a Bloch state

jξνki of crystal momentum k, band ν, and energy EðξÞ
kν , near

valley index ξ ¼ �1 of the single-layer graphene Brillouin
zone [29,38]. The index ν ¼ � labels the narrow central
particle and hole bands [Figs. 2(a) and 2(b)] with total

bandwidth W, which are separated by a large energy gap
from all other bands. We consider a circularly polarized
laser of vector potential AðtÞ¼ðE=ΩÞ½cosðΩtÞx̂−sinðΩtÞŷ�
with electric field amplitude E and angular-frequency Ω,
which couples to electrons by minimal coupling k → kþ
eAðtÞ=ℏ, resulting in the time-periodic Hamiltonian Ĥ0ðtÞ.
The periodic Hamiltonian Ĥ0ðtÞ gives rise to Floquet

eigenstates jΦðξÞ
kα ðtÞi with quasienergies εðξÞkα satisfying

jεðξÞkα j < 1
2
ℏΩ. We consider the regime W ≤ ℏΩ < 2W

corresponding to a single photon resonance within
the central TBG bands. Specifically, we consider

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
σxy. TBG lies on top of a dielectric and metallic gate that screen
electron-electron interactions. (b) Anomalous Hall conductivity
vs drive amplitude E for ζ ≈ 0.5 and various values of χ indicated
on the scale [see below Eqs. (3) and (6) for definitions of ζ and χ].
The σxy features a rapid drop with E below the critical amplitude
E� (dashed line). Here, E0 ¼ ℏvF=ðeL2

MÞ ≈ 7.2 × 104 V=m.
(c) Critical amplitude vs cph=v0eff , where v0eff ¼ veffð0Þ is an
effective electron velocity defined in the text. Enlarged red circle:
E� in (b).
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Ω ¼ 5 meV=ℏ and TBG at a near-magic twist angle
of θ ¼ 1.13° whose Fermi velocity vF ≈ 17 km=s (corre-
sponding to W ¼ 5 meV in the Bistritzer-MacDonald
model [29,38]) is comparable to phonon speeds in
TBG [42]. The drive mixes the two central bands

ν ¼ �1, resulting in quasienergies εðξÞkα , with upper and
lower Floquet bands denoted by α ¼ � [Fig. 2(d)] [24].
The drive opens off-resonant gaps of size ΔK ≈
2e2v2FE

2=ℏΩ3 at the Dirac points K and K0 of the moiré
Brillouin zone and a Rabi-like gap of ΔR ∼ V along the
resonance ring, which is the ring on the k plane satisfying

EðξÞ
kþ − EðξÞ

k− ¼ ℏΩ [green rings in Figs. 2(a) and 2(d)].
Here, vF is the Fermi velocity of the undriven band
structure, V is the energy scale of the drive, and the
expression for ΔK 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:

Ĥel-ph ¼
X
k;q;G
ν;ν0:ξ

Mνν0ξ
k;q;Gĉ

ðξÞ†
kþqþG;ν0 ĉ

ðξÞ
kν ðb̂†q þ b̂−qÞ þ H:c: ð1Þ

Here, G is a moiré Brillouin zone reciprocal lattice vector,
andMνν0ξ

k;q;G ¼ D
ffiffiffiffiffiffiffiffiffiffiffiffi
ℏcphq

p
=ð ffiffiffiffiffiffiffiffiffiffiffiffi

2AMρ
p

cphÞWξνν0
k;qþG is the matrix

element with deformation potential D, moiré unit cell area
AM ¼ ffiffiffi

3
p

L2
M=2, lattice vector length LM ¼ a=½2 sinðθ=2Þ�,

monolayer graphene density ρ, and monolayer lattice
vector length a ¼ 0.246 nm. The operator b̂†q creates an
acoustic phonon mode of momentum q with amplitude q,
speed cph, and energy ℏcphq. The speed of sound cph 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 Wξνν0

k;qþG ≡ hξν0kþ qþ Gjξνki captures the decreas-
ing coupling of electrons to folded phonon branches
with large G [46]. We also include electron-electron
interactions:

Ĥel-el ¼
X
k1;k2
q;G
fνig;ξ

Vfνigξ
k1;k2;q;G

ĉðξÞ†k1þq;ν1
ĉðξÞ†k2−q;ν2 ĉ

ðξÞ
k2;ν3

ĉðξÞk1;ν4
; ð2Þ

where Vfνigξ
k1;k2;q;G

¼ VqþGW
ξν1ν4
k1;qþGW

ξν2ν3
k2;−q−G, with i¼1;…;4,

contains the screenedCoulombpotentialVq ¼ e2=ð2ϵ0qAMÞ
½1þ ϵ cothðqdÞ�−1 for a gate separated from TBG by a
dielectric of permittivity ϵ and thickness d, where ϵ0 is the
vacuum permittivity [Fig. 1(a)].
We focus on electron dynamics in its Floquet

basis, treating interactions Ĥel-ph and Ĥel-el as weak
perturbations scattering electrons between single-particle
Floquet states [1–3,34,47]. The occupation probability

FðξÞ
kα ðtÞ ¼ hf̂ðξÞ†kα ðtÞf̂ðξÞkα ðtÞi is described by the Floquet-

Boltzmann equation (FBE) [3,47–49],

_FðξÞ
kα ðtÞ ¼ Iel-phkα ½fFðξÞ

kα ðtÞg� þ Iel-elkα ½fFðξÞ
kα ðtÞg�: ð3Þ

Here, f̂ðξÞ†kα ðtÞ creates a single-particle electron state

jΦðξÞ
kα ðtÞi, and Iel-phkα and Iel-elkα 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 _FðξÞ
kα ¼ 0, and hf̂ðξÞ†kα ðtÞf̂ðξÞkα0 ðtÞi is suppressed for α ≠

α0 when 1=τtotk ≡ 1=τelk þ 1=τphk ≪ Δεk=ℏ, where τelk and τphk
are the interband electron-electron and electron-phonon
scattering times, respectively, and Δεk ¼ minn∈Zjεkþ −
εk− þ nℏΩj [47,49,53]. Because ΔεK ¼ 2ΔK is minimal,
the condition is equivalently ζ ≡ ℏ=ð2ΔKτ

tot
K Þ ≪ 1 [see

Fig. 4(d)]. In Figs. 1(b), 4(c), and 4(d), we show the
maximal ζ across fields E 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]

σxy ¼
2e2

ℏ

X
α;ξ¼�

Z
d2kBðξÞ

kαF
ðξÞ
kα ; ð4Þ

FIG. 2. (a) Enlargement of schematic narrow bands in a moiré
system. Drive with angular frequency Ω 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 ν ¼ �1. (c) Berry curvature BðξÞ
kþ in the upper

Floquet band, with blue color intensity proportional to

tanhð2BðξÞ
kþ=L

2
MÞ (color bar) so BðξÞ

kþ peaks are more visible.

Dashed lines indicate areas enclosing BðξÞ
kþ 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, α ¼ þ) and
lower (LFB, α ¼ −) Floquet bands, separated by off-resonant
gaps ΔK at the Dirac K, K0 points and a Rabi-like gap ΔR along
the resonance ring [39–41].
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which averages the product of Berry curvature [16,41,57]

BðξÞ
kα ¼ Ω

π

Z
2π=Ω

0

dt Imh∂kxΦðξÞ
kα ðtÞj∂kyΦðξÞ

kα ðtÞi; ð5Þ

and the steady-state fillings, FðξÞ
kα . Without the drive,

TBG has fragile topology with σxy ¼ 0 at charge
neutrality [58–60]. The circularly polarized laser breaks
time-reversal symmetry between the valleys ξ ¼ �1, opens
Haldane gaps in each valley, and produces nonzero σxy.
Our main finding is that σxy can be controlled by the field

strength. It features a rapid drop as a function of the
amplitude of the drive, E, near the critical amplitude E�
[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 E ¼ E�.
Furthermore, this strong amplitude dependence arises only
when the undriven effective electronic velocity v0eff is close
to cph 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 σxy on the drive amplitude near
E ¼ E� [Fig. 1(b)] by focusing on key processes affecting
σxy, which involve momentum states (the K and K0 points
and resonance ring, see Fig. 2(c)] with large Berry

curvature BðξÞ
kα . We assume that the steady-state occupation

of the upper Floquet band (UFB, α ¼ þ) and valley index ξ

near K are uniform, FðξÞ
kþ ¼ FðξÞ

Kþ, for k ∈ SK, where SK is a
small circle enclosing 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 _FðξÞ
Kþjin into SK and

outgoing rate _FðξÞ
Kþjout from SK. Single phonon emission

connecting the UFB Sin [see Fig. 3(a)] with SK is the

dominant contribution to _FðξÞ
Kþjin. The two regions are

connected by the phonon light cone [see Fig. 3(a)]. This

rate is _FðξÞ
Kþjph;in ≈Rinð1 − FðξÞ

KþÞFðξÞ
in , where FðξÞ

in is the
average UFB occupation in Sin, and Rin is the average
intrinsic scattering rate. Importantly, Rin is proportional to
the momentum-space area of Sin, denotedAin, estimated by
counting the UFB states that may scatter to SK by electron-
phonon interactions. Hence, Sin is the intersection
between the UFB and phonon light cones originating
anywhere within SK [Fig. 3(a)]. As ΔR and ΔK widen
with E, the Floquet bands become narrower [19,24,25], and
Ain shrinks, vanishing at E ¼ E� [Fig. 3(b)]. The critical

strength E� is defined by veffðE�Þ ¼ cph, where veffðEÞ ¼
maxk0 ðεðξÞk0þ − εðξÞKþÞ=jk0 − Kj is the electronic velocity near
the K point. By estimating veffðEÞ, one finds that E� ∝
½1 − cph=v0eff �γ for small 1 − cph=v0eff , where γ depends on
the quasienergy structure and v0eff ≡ veffð0Þ. One can also

show Ain ∝ maxðE − E�; 0Þ as E → E�. (See Supplemental
Material [50]).
Similarly, the phonon-mediated outgoing rate is

_FðξÞ
Kþjph;out ≈RoutF

ðξÞ
Kþð1 − FðξÞ

outÞ, where FðξÞ
out is the lower

Floquet band (LFB, α ¼ −) average occupation in Sout,
and Rout is the average intrinsic rate, proportional
to Aout ¼

R
Sout

d2k, where Sout is the momentum region
enclosing intersections between the LFB with phonon light
cones originating from states in SK [see Fig. 3(a)].
However, unlike Ain, Aout does not vanish as E → E�
and instead expands as E increases.
Electron-electron interactions and photon-mediated

Floquet-umklapp (FU) processes introduce additional
terms in the rate equation depending smoothly on E and
roughly uniformly-spread in momentum. We thus include

an incoming _FðξÞ
Kþjr;in ¼ Γinð1 − FðξÞ

KþÞ and outgoing rate
_FðξÞ
Kþjr;out ¼ ΓoutF

ðξÞ
Kþ with Γin=out ≡ Γph

in=out þ Γel
in=out, where

ΓelðphÞ
in=out, are rates of electron-electron (electron-phonon FU)

processes. The strength of FU processes is weaker than
Rout by factors of ≈ðvFeE=Ω2Þ2n, where jnj > 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, _FðξÞ
Kþjin ¼ _FðξÞ

Kþjph;in þ _FðξÞ
Kþjr;in and

_FðξÞ
Kþjout ¼ _FðξÞ

Kþjph;out þ _FðξÞ
Kþjr;out are equal, and

FðξÞ
Kþ ¼ RinF

ðξÞ
in þ Γin

RinF
ðξÞ
in þRoutð1 − FðξÞ

outÞ þ Γin þ Γout

: ð6Þ

FIG. 3. (a) Schematics of the Floquet spectrum and one of the
phonon light-cones originating from the area SK in the UFB. The
intersection between the UFB (LFB) and all cones centered
in SK form Sin (Sout). As E → E�, the area of Sin vanishes.
(b)–(d) Numerical verification of the phenomenological model.
(b) Area of Sin, Ain, vs E for three values of cph=v0eff . (c) Average
occupation in SK . (d) Anomalous Hall conductivity σxy for same

parameters as (b),(c). At E� (dashed lines), Ain, F
ðξÞ
Kþ, and σxy

sharply change.

PHYSICAL REVIEW LETTERS 131, 026901 (2023)

026901-3



Note that FðξÞ
in , 1 − FðξÞ

out ≠ 0 due to electron (hole) excita-
tions in the UFB (LFB) generated by FU processes. Since
Rin ∝ Ain, Rin decreases as a function of E, shrinking to
zero for E ≥ E� [see Fig. 3(b) for numerical verification].

We expect a similar E dependence of FðξÞ
Kþ and σxy, yet

smeared by additional scattering rates appearing in Eq. (6),
as verified numerically in Fig. 1(b). Additionally,

Eq. (6) elucidates the dependence of FðξÞ
Kþ on the ratio

χ ≡ τelK=τ
ph
K ≈Rout=Γel

out ≈Rout=Γel
in [see Fig. 1(b)], with

FðξÞ
Kþ → 0.5 as χ → 0. In Figs. 1(b), 4(b), and 4(c), we

display χ evaluated at the amplitude E where ζ 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
(FðξÞ

Kþ ≈ 1 − FðξÞ
K0−). 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 σxy. Thus, we can
reproduce qualitatively the sharp change of σxy with E in
Fig. 3 [24]. Occupations in the resonance ring vicinity
[Fig. 2(c)] yield a similar E dependence, but with a much
lower critical field (not visible for E 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 vF 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 ν ¼ �1 bands of the undriven band structure, but
since the low drive angular frequency Ω is only resonant to
these narrow bands, we can ignore the jνj > 1 bands—
valid when θ is near the magic angle where the jνj > 1
and ν ¼ �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 σxy is insensi-
tive to model details. In the toy model, v0eff ¼ 18.9 km=s,
and we vary cph ∈ ½17.9 km=s; 19.4 km=s� in Fig. 1(c). In
the range cph < v0eff , the drive induces the regime cph >
veffðEÞ for E > E�. To capture the decaying overlap of the
wave functions for momentum umklapp transitions, in the
toy model, we take Wξνν0

k;q → hξν0kþ qjξνkie−l2wq2=4, with
lw ≈ LM=ð1.5

ffiffiffi
3

p Þ 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 FðξÞ
kα with χ → ∞ (Iel-elkα ¼ 0). The left-half

column of Fig. 4(a) shows the noninteracting steady-state
distributions for a phonon bath temperature of 1 K
and cph ¼ 0.99v0eff in the E > E� and E < E� cases.
When E > E� (left bottom quadrant), the Dirac points have
reduced occupations (see zoom-in boxes) relative to when
E < E� (left top quadrant), because incoming scattering
rates into SK;K0 are suppressed (verifying the phenomeno-
logical model). Figure 3(c) shows the occupation near the

K point, FðξÞ
Kþ, as a function of E for three values of cph=v0eff

and verifies Ain, F
ðξÞ
Kþ, and σxy sharply change at the same

critical field E ¼ E�. Heating induced by FU processes

causes FðξÞ
Kþ to slowly increase with E > E� [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
Iel-elkα ≠ 0 by taking finite χ. 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 FðξÞ
k� ¼ 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 σxy, note that, in Fig. 1(b),
σxy drops less rapidly with E < E� as χ decreases.
We capture this behavior with the visibility parameter
V ≡ −maxE<E� j∂Eσxyj=½ðe2=hÞ=E0�. Figure 4(b) demon-
strates how V increases with χ. Lastly, we relate χ and ζ
to physical parameters in TBG. Figure 4(c) shows the

FIG. 4. (a) Left column: steady-state occupation of the
UFB when χ ¼ ∞ (calculated on a 163 × 163 momentum grid).
Right column: steady-state occupation when χ ¼ 0.24 (calculated
on a 73 × 73 momentum grid). Bottom row: strong-drive case
(E ¼ 4.3E0 > E�). Top row: weak-drive case (E ¼ 0.97E0 < E�).
Enlarged boxes: the K, K0 points have reduced occupation when
E > E� relative to when E < E�. (b) Visibility V vs χ. (c) Value of
χ for various ϵ and gate distances d. (d) Value of η for various ϵ
and deformation potentials D, with d ¼ 4 nm. Points in (b),(d):
parameters used in Fig. 1(b).
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necessary gate distances d and dielectrics ϵ to experimen-
tally achieve various values of χ, and Fig. 4(d) shows the
values of ϵ and deformation potentials D satisfying ζ < 1
for d ¼ 4 nm. One suitable dielectric is SrTiO3 with
ϵ ∼ 1600 at Ω ¼ 5 meV=ℏ angular frequencies [66–68];
note that surface optical phonons in SrTiO3 are of higher
frequencies than Ω 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
v0eff > cph, a drive with E > E� induces the opposite regime
veffðEÞ < cph, weakening the electron-phonon coupling
and suppressing the Hall conductivity [Fig. 1(b)].
We also find that a strong E dependence of σxy 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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