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1Institute for Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland
2Max Planck Institute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany

Periodic driving can be used to coherently con-
trol the properties of a many-body state and to
realize new phases which are not accessible in
static systems. For example, exposing materials
to intense laser pulses enables to provoke metal-
insulator transitions, control the magnetic order
and induce transient superconducting behavior
well above the static transition temperature [1–
6]. However, pinning down the responsible mech-
anisms is often difficult, since the response to ir-
radiation is governed by complex many-body dy-
namics. In contrast to static systems, where ex-
tensive calculations have been performed to ex-
plain phenomena such as high-temperature su-
perconductivity [7], theoretical analyses of driven
many-body Hamiltonians are more demanding
and new theoretical approaches have been in-
spired by the recent observations [8–10]. Here,
we perform an experimental quantum simula-
tion in a periodically modulated hexagonal lat-
tice and show that anti-ferromagnetic correla-
tions in a fermionic many-body system can be
reduced or enhanced or even switched to fer-
romagnetic correlations. We first demonstrate
that in the high frequency regime, the descrip-
tion of the many-body system by an effective
Floquet-Hamiltonian with a renormalized tunnel-
ing energy remains valid, by comparing the re-
sults to measurements in an equivalent static lat-
tice. For near-resonant driving, the enhancement
and sign reversal of correlations is explained by
a microscopic model, in which the particle tun-
neling and magnetic exchange energies can be
controlled independently. In combination with
the observed sufficiently long lifetime of correla-
tions, Floquet engineering thus constitutes an al-
ternative route to experimentally investigate un-
conventional pairing in strongly correlated sys-
tems [7, 9, 10].

The increasing demand for high speed control of cur-
rent magnetic memory devices in the terahertz regime
has led to efforts to optically control the magnetic prop-
erties of materials, for example to switch from anti-
ferromagnetic to ferromagnetic ordering [4, 5]. To en-
gineer suitable materials for future applications, it is de-
sirable to gain a better understanding of the underlying
microscopic processes. In this context, cold atom exper-

iments provide an ideal platform to investigate driven
many-body systems due to the slow timescales and the
prospect of quantitative comparisons to theoretical pre-
dictions. So far, periodic modulation has been employed
in such setups to engineer effective Hamiltonians [11, 12],
which enabled to renormalize Hubbard parameters and
study classical magnetism in the high-frequency regime
as well as to realize new features like topological or
spin-dependent bandstructures [13–15]. By driving in-
teracting systems [16, 17], both charge and spin degrees
of freedom can be influenced by individually address-
ing density-dependent processes [18–20]. Until now, the
measurement of magnetic correlations in driven optical
lattices has remained an open challenge. An experimen-
tal difficulty lies in the heating associated with the pe-
riodic modulation of a many-body system which may
destroy correlations, in particular in the near-resonant
regime [14, 21, 22].
We perform our experiments with a degenerate Fermi

gas consisting of 3.0(2)× 104 (10% systematic error) ul-
tracold 40K atoms prepared in a balanced mixture of two
internal states, denoted as ↑ and ↓ (see Methods). The
atoms are loaded into a tunable geometry optical super-
lattice with anisotropic tunneling rates, where the hor-
izontal links in x-direction tx are stronger than in the
y- and z-directions ty,z (see Fig. 1c). In the x-z plane,
the lattice consists of hexagonal layers, which are stacked
in the y-direction. We modulate the lattice position in
x-direction periodically in time with a displacement am-
plitude A at a frequency ω/2π, which is achieved by mov-
ing the retroreflecting mirror of the optical lattice with a
piezoelectric actuator (see Fig. 1a).
Our system is well described by the driven Fermi-

Hubbard model

Ĥ(τ) = −
∑

〈i,j〉
σ

tijc
†
iσcjσ+U

∑

i

n̂i↑n̂i↓+
∑

i,σ

(fi(τ) + Vi) n̂iσ

(1)

where c†iσ and n̂iσ are the fermionic creation and num-
ber operators at site i = (ix, iy, iz) in spin-state σ =↑, ↓,
respectively. Here, tij denotes the tunneling rate be-
tween nearest neighbors 〈i, j〉, U the repulsive onsite in-
teraction and Vi an overall harmonic trapping poten-
tial. The time-dependent force can be expressed as
fi(τ) = mAω2xi cos(ωτ), where m is the mass of the
atoms and xi = 〈x̂〉i the x-position of the Wannier func-
tion on site i. Therefore, the driving can be used to pri-
marily address the bonds in the x-direction (Methods).

Frederik
Schreibmaschinentext
This is the author’s version of the work. The definitive version was published in Nature Vol. 553, pages 481–485 on 25 January 2018, DOI: 10.1038/nature25135 and is available under this URL: https://www.nature.com/articles/nature25135.

Frederik
Schreibmaschinentext



2

Figure 1: Experimental setup. a, Optical lattice setup
to create the three-dimensional geometry. The beams X and

Z are interfering, while X and Ỹ are frequency-detuned. A
piezoelectric actuator sinusoidally modulates the position of
the retroreflecting mirror in x-direction. b, Lattice potential
in the x-z-plane consisting of A and B sublattices with super-
imposed hexagonal unit cell. c, Tight-binding representation
of the lattice potential in the x-z-plane. The system is de-
scribed by a driven Fermi-Hubbard model, with anisotropic
tunneling energies tx > tz due to a shorter length dx of the
horizontal bonds. Atoms in different spin states interact via
an onsite interaction U . In a co-moving frame, the modula-
tion of the lattice position corresponds to a linear force F(τ)
in x-direction with an amplitude ~ωK0/dx, which primarily
influences the horizontal bonds (Methods).

To characterize the many-body state in the lattice, we
measure the fraction of atoms on doubly occupied sites

D =
2

N

∑

i∈A,B

〈n̂i↑n̂i↓〉

as well as the nearest neighbor spin-spin correlator

C = − 1

N

∑

i∈A

(〈Ŝx
i Ŝ

x
i+ex

〉+ 〈Ŝy
i Ŝ

y
i+ex

〉)

on the horizontal links along the x-direction (N is the to-
tal atom number and ex the unit vector in x-direction).
The observables are averaged spatially over the inho-
mogeneous density distribution in the harmonic trap
with a geometric mean trapping frequency of ω̄trap/2π =
84(2) Hz as well as over one oscillation cycle of the peri-
odic modulation as indicated by 〈...〉 (see Methods).
In a first experiment, we investigate the regime where

the driving frequency is much higher than all microscopic
energy scales of the system, i.e. the tunneling and in-
teraction energies (~ω ≫ t, U). In the non-interacting
case, the modulation renormalizes the horizontal tunnel-
ing rate by a zeroth order Bessel function and the system

can be described by an effective tunneling energy

teffx (K0) = txJ0(K0), (2)

where K0 = mAω dx/~ is the normalized drive ampli-
tude, with dx the length of the horizontal bonds (see
Fig. 1c) [15]. However, it is not a priori clear if this
simple description remains accurate in the many-body
context [12]. To verify this, we compare our measure-
ments in the driven system to results obtained using an
experimental quantum simulation in a static lattice with
a variable tunneling rate tx. The reliability of our exper-
iment as a quantum simulator for the magnetic proper-
ties of the Hubbard model has previously been bench-
marked through quantitative comparisons with state-
of-the-art numerical calculations [23, 24]. To enter the
driven regime in the experiment, we linearly ramp up the
lattice modulation amplitude to a final value K0 within
2 ms, at a frequency of ω/2π = 6 kHz. Afterwards, we
allow for an additional equilibration time of 5 ms be-
fore the measurement, during which we maintain a fixed
modulation amplitude.
The resulting double occupancies and spin correlations

agree well for the driven and static cases, as shown in
Fig. 2. This supports the validity of the description of
the many-body system by an effective Hamiltonian with
a tunneling rate teffx (K0). For lower tunneling energies,
the double occupancy decreases due to the reduction of
the bandwidth W . Therefore, for increasing driving am-
plitude, the system is entering the Mott regime [16]. The
modulation not only changes the bandwidth, but also the
anisotropy of the lattice, since the ratio teffx (K0)/ty,z de-
creases for increasing driving amplitude. This effect man-
ifests itself in the spin correlator on the horizontal link,
which decreases for a weaker anisotropy of the underly-
ing lattice, as observed in previous measurements [25].
When driving for longer times, we find that the lifetime
of correlations is reduced to 14(5) ms at K0 = 1.26(4)
compared to 92(16) ms in the static case. Nevertheless,
this allows to observe comparable levels of correlations in
the driven and static cases on experimental timescales.
While an off-resonant modulation scheme typically

leads to a renormalization of pre-existing parameters,
novel physics which is not accessible in static systems
arises for a near-resonant drive. For example, extended
terms such as density-dependent tunneling energies can
be engineered, which are not present in the single band
Hubbard model [18–20]. To investigate this regime, we
set a large onsite interaction close to the driving fre-
quency U ≈ l~ω (l ∈ Z) and ramp up the modulation
at a frequency of either 3 kHz or 6 kHz within 3.3 ms or
2 ms, respectively. We observe that the effective states
in the driven Hamiltonian contain a higher fraction of
double occupancies if U ≈ l~ω, see Fig. 3a.
Strikingly, we find that the magnetic correlations on

the horizontal links depend both on the sign and magni-
tude of the modulation detuning δ = ~ω−U , see Fig. 3b.
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Figure 2: Description of the driven system by an ef-

fective Hamiltonian in the high-frequency regime. a,

Double occupancy D as a function of effective horizontal tun-
neling energy teffx (K0) = txJ0(K0) for a driven system (green)
and results obtained through an experimental quantum sim-
ulation in a static configuration with horizontal tunneling tx
(black). The inset shows a cut through the non-interacting
bandstructure as a function of the quasi-momentum in x-
direction qx. The reduction of the bandwidth W leads to
a lower double occupancy, indicating the crossover to a Mott-
insulating state. b, Spin correlations C as a function of the (ef-
fective) horizontal tunneling energy for the driven case (green)
and an equivalent static configuration (black). The renormal-
ization of the tunneling energy leads to a reduction in lattice
anisotropy teffx /ty,z (see inset), which reduces the magnetic
correlations on the horizontal link. The transverse tunneling
energies are ty/h = 125(8) Hz and tz/h = 78(8) Hz and the
interaction is set to U/h = 0.93(2) kHz. Horizontal error bars
reflect the uncertainty in the lattice depth, data points and
vertical error bars in a (b) denote the mean and standard er-
ror of 4 (10) individual measurements at different times with-
ing one driving period (see Methods).

For a red-detuned drive (δ < 0), correlations are in-
creased compared to the static case if |δ| is on the order
of a few tunneling energies tx. In contrast, when choos-
ing δ > 0 the sign of the spin-spin correlator inverts, i.e.
the system exhibits ferromagnetic correlations on neigh-
boring sites in the x-direction. If we set a fixed interac-
tion strength and vary the amplitude of the modulation,
we find that for δ < 0 correlations increase for values
around K0 ≈ 1.3 before they eventually decrease again
(see Fig. 3c). For δ > 0 a critical value of the driving
strength is required for the system to develop ferromag-
netic correlations. We also study the time-dependence of
the magnetic properties by varying the modulation time
after the ramp up of the drive. We find that it takes a few
milliseconds until correlations increase or change sign,
respectively, before they approach zero when driving for
long times due to heating of the cloud (see extended data
Fig. ED1). The lifetime of magnetic correlations as ex-
tracted from an exponential fit to the long-time behavior
changes from 82(34) ms in the static case to 12(4) ms
at K0 = 1.30(3). In addition, we also observe the fast
dynamics within one period of the drive (the so called
micromotion) in our measurement regime (see extended
data Fig. ED2). Finally, we investigate the adiabaticity
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Figure 3: Enhancement and sign reversal of magnetic

correlations by near-resonant driving. a, Double occu-
pancy as a function of onsite interaction U for the static case
(black) and driving frequencies of ω/2π = 3 kHz (red) and
6 kHz (blue) with a modulation amplitude of K0 = 1.30(3).
Around the resonances, the effective states in the driven
Hamiltonian contain a higher number of double occupancies.
Solid lines are (double) Gaussian fits to the data. b, Spin cor-
relations on the horizontal link as a function of U for the same
parameters as in a. For U > ~ω (red), anti-ferromagnetic cor-
relations are enhanced compared to the static case (black) for
a broad range of interactions. When U < ~ω (blue), the cor-
relator changes sign and the system develops ferromagnetic
correlations. c, Spin correlations as a function of driving am-
plitude K0 for ω/2π = 3 kHz, U/h = 3.8(1) kHz (red) and
ω/2π = 6 kHz, U/h = 4.4(1) kHz (blue). For U > ~ω, anti-
ferromagnetic correlations increase around K0 ≈ 1.3. For
~ω > U , correlations become ferromagnetic beyond a crit-
ical modulation amplitude. The tunneling rates are set to
(tx, ty, tz)/h = (570(110), 125(8), 85(8)) Hz. Data points and
error bars in a (b,c) denote the mean and standard error
of 4 (10) individual measurements at different times withing
one driving period (see Methods). d, In the near-resonant
case U ≈ ~ω, the driven system can be described by an ef-
fective Hamiltonian in which tunneling processes that do not
change the number of double occupancies are renormalized
by J0(K0). In contrast, the creation of doublon-holon pairs
is resonantly enhanced and is determined by the first order
Bessel function J1(K0). The effective interaction of the sys-
tem becomes U − ~ω.

of the preparation protocol by reverting the driving ramp
and find that correlations return only partially to their
static values (see extended data Fig. ED3).
In order to obtain a microscopic understanding of the

observed phenomena, we perform a Floquet analysis on
the time-periodic Hamiltonian (1) in the near-resonant
driving regime with t ≪ U ≈ l~ω. For that, we go to a
rotating frame with respect to the operator

R̂(τ) = exp[i
∑

j

(lωτ n̂j↑n̂j↓ +
∑

σ

Fj(τ)n̂jσ)],
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where

Fj(τ) = 1/~

∫ τ

0

fj(τ
′)dτ ′.

In this frame, the tunneling on the horizontal bonds is
to lowest order in 1/ω described by the effective Hamil-
tonian

Ĥeff
tx

= −tx
∑

i∈A,σ
j=i+ex

[
J0(K0)âijσ̄ + Jl(K0)b̂

l
ijσ̄

]
c†iσcjσ +h.c.

(3)
where ↑̄ = ↓ and vice versa [26–28]. Here, the effec-
tive tunneling energy is density-dependent: Hopping pro-
cesses which do not change the number of double occu-
pancies as described by the operator âijσ = (1− n̂iσ)(1−
n̂jσ) + n̂iσn̂jσ are renormalized by J0(K0). In contrast,
the creation or annihilation of doublon-holon pairs cor-
responding to b̂lijσ = (−1)l(1 − n̂iσ)n̂jσ + n̂iσ(1 − n̂jσ)
become resonantly restored with an amplitude txJl(K0)
(see Fig. 3d). In addition, the effective interaction U eff =
U−l~ω = −δl is given by the detuning from the l-photon
resonance δl. In this picture, one can understand the cre-
ation of double occupancies for small δl shown in Fig. 3a
as the system becoming effectively more weakly interact-
ing.
The magnetic properties of the many-body state are

significantly altered in the effective Hamiltonian (3),
since microscopically the superexchange process leading
to spin-spin interactions involves two virtual hopping
processes determined by Jl(K0), in which a double occu-
pancy at energy U eff is created and annihilated. There-
fore, the exchange energy Jex, which is the energy split-
ting between a spin singlet and triplet state on the hor-
izontal bonds, will depend both on the modulation am-
plitude K0 and the detuning δ. It can even change sign
for δ > 0, since in this case the effective interaction be-
comes attractive [8–10, 29] (see extended data Fig. ED4
and Methods). We directly measure Jex between neigh-
boring sites in the experiment using our tunable geom-
etry optical lattice. For that, we disconnect individual
pairs of sites in the x-direction from each other by rais-
ing the potential barrier in the y- and z-directions, such
that the coupling ty,z/h < 2 Hz becomes negligible, and
measure the exchange energy in a Ramsey-type sequence
(see Fig. 4a) [29, 30].
The results of the measurements are shown in Fig. 4

in the off- and near-resonant driving regimes for a mod-
ulation frequency of ω/2π = 8 kHz. In the case of high
frequency modulation with tx ≪ U ≪ ~ω, the tunneling
is renormalized according to Eq. (2) and the exchange
energy decreases as a function of the driving amplitude
as Jex ≈ 4t2xJ 2

0 (K0)/U (see Fig. 4b). In contrast, in
the near-resonant regime the system is to lowest order
described by the tunneling process in Eq. (3) and we ob-
serve an increasing exchange energy as a function of the
modulation strength for δ < 0 (see Fig. 4c). At K0 ≈ 1.6
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Figure 4: Magnetic exchange energy for off- and near-

resonant driving. a, The exchange Jex is measured by
preparing local singlet states |s〉 on isolated double wells. In
a Ramsey-type sequence, a superposition between the singlet
and triplet state |t〉 is created by performing a π/2-pulse with
a magnetic field gradient. The exchange oscillation is trig-
gered by suddenly lowering the barrier in the double well.
After a variable evolution time τevol, a second π/2-pulse is
applied and the final singlet fraction is measured, which os-
cillates at a frequency |Jex|. b, Magnetic exchange in the off-
resonant driving regime for ω/2π = 8 kHz, tx/h = 350(50) Hz
and U/h = 2.1(1) kHz as a function of driving amplitude. Jex

decreases with K0 as expected for a renormalized tunneling
rate teffx . c, Exchange energy for near-resonant modulation
with ω/2π = 8 kHz, tx/h = 640(90) Hz and U/h = 9.1(1) kHz
(red) or U/h = 6.5(1) kHz (blue), respectively, as a function
of K0. Red detuned driving (U > ~ω) enhances the magnetic
exchange for increasing driving amplitude. For U < ~ω, Jex

vanishes at a critical value K0 ≈ 0.7 and becomes negative for
stronger driving (open symbols). The sign of the exchange is
measured as shown in d. For K0 ≈ 0.7, the oscillation is too
slow to determine the sign of Jex. Mean values are derived
from a sinusoidal fit to the data, errors denote the standard
deviation obtained from a resampling method (see Methods).
d, Sign change of the exchange energy for U < ~ω. Singlet
fraction as a function of evolution time for the parameters in
c with U/h = 6.5(1) kHz in the static case (black) and after a
sudden switch on of the modulation with K0 = 0.88(1) (cyan)
or K0 = 1.31(2) (orange) after a quarter exchange oscillation.
Due to the sign reversal of Jex, the rotation direction on the
Bloch sphere is reversed. Solid lines are damped sine fits to
the data. Error bars denote the standard deviation of 3 mea-
surements.

it reaches a level about three times higher than in the
static case. If δ > 0, Jex vanishes at a critical modula-
tion amplitude of K0 ≈ 0.7 and changes sign for stronger
driving. To demonstrate that the exchange becomes neg-
ative for large K0, we first perform a quarter oscillation
in the static double well, followed by a sudden switch on
of the modulation withK0 > 0.7 [29]. Since the exchange
in the driven double well is ferromagnetic, it inverts its
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rotation direction on the Bloch sphere, which leads to an
oscillation phase shifted by π compared to the static case
(Fig. 4d).

The dependence of the exchange energy on the driv-
ing frequency and strength provide a microscopic expla-
nation for the phenomena observed in the many-body
system. In the off-resonant case, the magnetic exchange
decreases with increasing modulation amplitude, which
reduces the lattice anisotropy and therefore the corre-
lations on the x-bonds (see Fig. 2b). If the interaction
energy U comes close to, but is still lower than the driv-
ing frequency, resonant effects start to dominate and the
magnetic exchange inverts its sign, leading to ferromag-
netic correlations in the many-body system as observed
in Fig. 3b,c. For U & ~ω the exchange energy increases
with K0, which can enhance anti-ferromagnetic corre-
lations due to several reasons. First, the anisotropy is
increased since the ratio Jx

ex/J
y,z
ex becomes larger, which

makes it more favorable to redistribute entropy onto the
weak links in y- and z-directions [24, 25]. Second, while
the exchange is increased, the single-particle tunneling
energy is renormalized as tx,single = txJ0(K0) in the ef-
fective Hamiltonian, see Eq. (3). Due to the isolated na-
ture of the entire system, the reduction of tx,single leads
to an entropy redistribution in the trap and lowers the
absolute temperature, which globally enhances magnetic
correlations. Last, when the ratio Jex/tx,single increases,
it becomes more favorable for two atoms to pair and form
a singlet state in the low filled regions of the trap instead
of delocalizing far apart [9]. This process plays an impor-
tant role in the context of high-temperature superconduc-
tivity, and the independent control of the exchange and
tunneling energies opens up the possibility to investigate
d-wave pairing in the t-J-model [7]. Further theoretical
studies will be necessary to determine the degree to which
these three effects are responsible for the enhancement of
anti-ferromagnetic correlations in the many-body system.

Having shown that near-resonant driving can be used
to increase or reverse the sign of magnetic correlations,
the low energy scales in cold atom systems enable fur-
ther investigations of the involved timescales and the
possible existence of pre-thermalized states in future ex-
periments [21]. Remarkably, the lifetime of correlations
in the driven many-body system was found to be suffi-
ciently long to observe them even in the near-resonant
driving regime. To investigate this further, the entropy
increase could be systematically studied as a function of
the involved energy scales and the connectivity of the
underlying lattice geometry. Furthermore, by addition-
ally imprinting complex phases on the density assisted
tunneling energies, dynamical gauge fields and anyonic
statistics could be engineered [26].
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METHODS

Optical lattice

The tunable three-dimensional optical lattice is created
by a combination of four orthogonal, retro-reflected laser
beams of wavelength λ = 1064 nm, as shown in Fig. 1a.
While the X and Ỹ beams are interfering and actively
phase locked to ϕ = 0.00(3)π, the X and Z beams are
non-interfering due to a frequency detuning. Our optical
set-up is described by the following potential [31]:

V (x, y, z) = −VX cos2(kx+ θ/2)− VX cos2(kx)

−V
Ỹ
cos2(ky)− VZ cos2(kz) (4)

−2α
√
VXVZ cos(kx) cos(kz) cosϕ

with k = 2π/λ and V
X,X,Ỹ ,Z

as the lattice depths in units

of the recoil energy ER = h2/2mλ2 of each laser beam
in the three different directions x, y, z (h is the Planck
constant and m the mass of the atoms). The lattice
potential is adjusted to fix θ = π × 1.000(2). We cali-
brate the visibility of the interference term α = 0.92(1)
with amplitude modulation of the lattice depth for differ-
ent configurations of the optical potential using a 87Rb
Bose-Einstein condensate. To calibrate the individual
lattice depths V

X,X,Ỹ ,Z
we perform Raman-Nath diffrac-

tion on the Bose-Einstein condensate. For the calculation
of tight-binding parameters, we include a systematic er-
ror of 3% for all lattice depths.

Preparation of the degenerate Fermi gas in the

optical lattice

The starting point of our experiment is a balanced mix-
ture of the F = 9/2,mF = −9/2 and F = 9/2,mF =
−7/2 hyperfine states of 40K, confined in an optical har-
monic trap. We evaporatively cool the mixture to a
quantum degenerate cloud with a repulsive s-wave scat-
tering length of 115.6(8) a0 (a0 denotes the Bohr ra-
dius). After the evaporation, we end up with about
3.0(2) × 104 (10% systematic error) atoms at a temper-
ature of T/TF = 0.07(1) (TF denotes the Fermi temper-
ature, see extended data Tab. ED1 for details). After-
wards, we either keep a mixture of the F = 9/2,mF =
−9/2 and F = 9/2,mF = −7/2 hyperfine states to ac-
cess attractive or weak repulsive interactions with scat-
tering lengths −3000 a0 < a < 150 a0 (measurements in
Figs. 2 and 4b and for the initial preparation of isolated
double wells in Fig. 4). Alternatively, we transfer the
F = 9/2,mF = −7/2 state to the F = 9/2,mF = −5/2
state with a radio-frequency sweep to access large re-
pulsive scattering lengths above 200 a0 (measurements
in Figs. 3 and 4c,d). For this mixture, we obtain tem-
peratures of T/TF = 0.12(2) in the harmonic trap. The

interactions can be tuned via two magnetic Feshbach res-
onances located at a field of 202.1 G (for mF = −9/2
and mF = −7/2) and 224.2 G (for mF = −9/2 and
mF = −5/2), respectively. From this point, two dis-
tinct schemes are used to either prepare atoms in a three-
dimensional hexagonal lattice (Figs. 2, 3) or in isolated
double wells (Fig. 4). To load a many-body state into the
hexagonal lattice, we first ramp up the power of all lattice
beams in 50 ms to an intermediate value. In this configu-
ration, the tunneling energies are close to the final config-
uration with (tx, ty, tz)/h = (550(30), 143(8), 156(9)) Hz
but the horizontal link across the hexagonal unit cell has
still a finite value of 70(3) Hz. In addition, the mean trap
frequency is only ω̄trap = 68(2) Hz. In a second step, we
ramp up the power in all beams in 20 ms to the final con-
figuration (see extended data Tab. ED1 for the detailed
values). To load isolated double wells, we first tune the
interactions to a large attractive value of −3000(600) a0,
see [20] for more details. In short, the atoms are first
loaded into the lowest band of a checkerboard configu-
ration with V

X,X,Ỹ ,Z
= [0, 3, 7, 3] ER using an S-shaped

lattice ramp of 200 ms. Due to the large attractive inter-
actions during the loading process, 68(3)% of the atoms
form double occupancies. In a second step we then tune
the scattering length to 115.6(8) a0 and split each lattice
site by linearly increasing VX and decreasing VX to a
V
X,X,Ỹ ,Z

= [30, 0, 30, 30] ER cubic configuration within
10 ms. During the splitting process, the double occu-
pancies in the checkerboard lattice are transformed into
singlet states |s〉 = (|↑, ↓〉−|↓, ↑〉)/

√
2 in the cubic lattice.

Detection methods

The detection scheme of double occupancies and near-
est neighbor spin-spin correlations follows closely the pro-
cedure used in earlier work (see [25, 32]). To characterize
the atomic state, we first freeze the evolution by quench-
ing the lattice to V

X,X,Ỹ ,Z
= [30, 0, 30, 30] ER within

100 µs. In order to detect double occupancies, we ramp
the magnetic field close to the magnetic Feshbach res-
onance of the mF = −9/2 and mF = −7/2 mixture.
We then selectively transfer one of the atoms sitting on
doubly occupied sites from the mF = −7/2 state, to the
mF = −5/2 state or vice versa via a radio frequency
sweep by making use of the interaction shift. The num-
ber of atoms in the different Zeeman sublevels can then
be determined by applying a Stern-Gerlach pulse during
the time-of-flight imaging. For the measurement of spin-
spin correlations, we apply a magnetic field gradient after
the lattice freeze. This leads to coherent oscillations be-
tween the magnetic singlet state |s〉 = (|↑, ↓〉− |↓, ↑〉)/

√
2

and triplet state |t〉 = (|↑, ↓〉+ |↓, ↑〉)/
√
2 on neighboring

sites in the x-direction. The singlet fraction ps can be
determined by merging adjacent lattice sites by going to
a V

X,X,Ỹ ,Z
= [0, 30, 30, 30] ER checkerboard configura-
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tion within 10 ms. This procedure transforms the singlet
into a double occupancy in the single well, which can
again be measured as outlined above. The triplet frac-
tion pt is obtained by applying a π-pulse with the mag-
netic field gradient and subsequently measuring the sin-
glet fraction. The spin-spin correlator is then obtained as
C = −〈Ŝx

i Ŝ
x
i+1〉− 〈Ŝy

i Ŝ
y
i+1〉 = (ps − pt)/2. We average all

observables over one period T = 2π/ω of the drive to be
insensitive to the micromotion. For that, we vary slightly
the total duration of the modulation between different
measurements by multiples of T/4, in order to sample
different phases of the modulation cycle. For the mea-
surement of double occupancies in the hexagonal lattice
(Figs. 2a and 3a), we sample four different times during
the modulation cycle, while for the magnetic correlations
(Figs. 2b, 3b, 3c and extended data Figs. ED1, ED2) we
measure for five different times and take each data point
two or three times (for exact number of measurements
see captions). For the measurements performed in the
isolated double wells (Fig. 4) the observables were not
averaged over one driving period, since we have experi-
mentally verified that no fast dynamics could be observed
in this configuration. This can be explained by ~ω being
much larger than t.

Periodic driving

The periodic driving is implemented as in previous
work [20]. In brief, a piezo-electric actuator allows for
a controlled phase shift of the reflected X and X lattice
beam with respect to the incoming beams. To access
the driven regime, we modulate the lattice position by a
sinusoidal movement of the mirror position for the retro-
reflecting lattice beam at frequency ω/2π. We choose the
modulation to be along the direction of the horizontal
bonds such that V (x, y, z, τ) ≡ V (x − A cos(ωτ), y, z).
In a first step we linearly ramp up a sinusoidal mod-
ulation and then maintain a fixed displacement ampli-
tude A. During the modulation we ensure the correct
phase relation ϕ = 0.0(1)π between the two interfering
X and Z lattice beams by modulating the phase of the
respective incoming beams at the same frequency using
acousto-optical modulators. In addition, this phase mod-
ulation is used to calibrate the phase and amplitude of
the mirror displacement. In our setup the piezo modu-
lation also leads to a residual periodic reduction of the
interference amplitude of the lattice by at most 2%. For
the lattice configurations used in our experiments, this
shifts the mean tunneling energy tx down by about 2.5%
and introduces a modulation of the tunneling energy at
twice the driving frequency 2ω/(2π) with an amplitude
of δt = 0.025 tx. The effect of the modulation is neg-
ligible, since its amplitude has to be compared to the
driving frequency. The effective driving strength is given
by δt/(2~ω), which is always smaller than 3 × 10−3 in

our case. In addition, we have verified that our experi-
mental findings are not affected by the launching phase
of the drive. The amplitude of the lattice displacement
A is directly related to the normalized drive amplitude
by K0 = mAω dx/~, where dx is the distance between
the two sites along the x-direction. For our lattice po-
tential, dx 6= λ/2, and must be calculated for each in-
dividual configuration. To this end, we determine the
Wannier functions located on the left and right sides of
the considered bond, which are derived as the eigenstates
of the band-projected position operator. The distance
dx is then evaluated as the difference between the eigen-
values of two neighboring Wannier states, and is given
in extended data Tab. ED1 for all lattice configurations.
In addition, since the lattice geometry in the x-z-plane
is not an ideal brick configuration, the bonds connect-
ing two sites in the z-direction are also slightly affected
by the drive. The effective driving strength can be de-
termined by the projected bond length on the modula-
tion direction, which for our case is the x-displacement
dvertx = λ/2−dx between neighboring sites in the vertical
z-direction. The modulation amplitude is then given by
Kvert

0 = dvertx /dxK0. The values for dvertx are given in
extended data Tab. ED1 for our lattice configurations.

Calibration of the on-site interactions

The extension of the Wannier function can be simi-
lar to the scattering length for strong interactions in the
optical potentials realized in our measurements. Thus,
the actual on-site interaction strength U may be al-
tered compared to the value calculated with the non-
interacting Wannier functions as observed in previous
experiments [20, 33]. We therefore determine U exper-
imentally by driving the lattice at a frequency ω/2π, and
measure the amount of double occupancies as a func-
tion of U . Double occupancies are maximally created
either for ~ω = U in a connected lattice (Figs. 2 and 3),
or for ~ω = (

√
U2 + 16 t2 + U)/2 in the isolated double

wells (Fig. 4). In the hexagonal lattice, the resonance
position is within agreement of the numerical value for
U determined from the Wannier function, as shown in
Fig. 3a. However, a significant difference is observed in
the isolated double wells. To account for this effect, we
parametrize U by U(a) = αa (1−a/ac), where α is given
by the non-interacting Wannier functions and ac is a
higher order correction and depends on the lattice depth.
For the isolated double wells, we find ac = 4800 (300) a0,
leading to a reduction in U of about 10 % with respect
to the calculated value for the data sets shown in Fig. 4c.
Accordingly, this correction is incorporated to all inter-
action strengths given for the isolated double wells.
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Validity of tight-binding approximation and higher

band effects

When deriving the tight-binding Hamiltonian of the
driven Fermi-Hubbard model Eq. (1), it is assumed that
the Wannier functions are not modified by the modu-
lation. However, for large driving amplitudes a signifi-
cant tilt is applied to the lattice in the co-moving frame,
which introduces an energy bias ~ωK0 between neigh-
boring sites (see also Fig. 1). As a result, the Wannier
functions will be modified due to the admixture of higher-
band Wannier functions of the untilted lattice. This
will in turn lead to different tight-binding parameters tx
and U at any given time within the modulation cycle.
In order to estimate the corrections resulting from the
change of Wannier functions, we consider a cut through
the tilted lattice potential in the x-direction of the mod-
ulation. This potential can be very well approximated
around the horizontal bonds by a lattice with a relative
phase θ 6= π between the lattice beams X and X (see
Eq. (4)). The approximation in this step is to assume
that all lattice sites in a given sublattice (A or B) are
at equal energy. This is well justified for our lattice ge-
ometry, since the tunneling energy across the hexagon
is zero and thus the Wannier functions e.g. on the A
sublattice are not influenced by the B sites to their left.
Since the discrete spatial periodicity is restored in the
lattice potential with θ 6= π, we can compute the Wan-
nier functions for any given energy bias and calculate the
corresponding tight-binding parameters. The modulated
lattice potential can then be described by a tight-binding
Hamiltonian as in Eq. (1), where in addition to the os-
cillating force f(τ) the Hubbard parameters tx(τ) and
UA,B(τ) become time- and sublattice-dependent. We de-
compose the parameters into their Fourier components,
which take the form

tx(τ) = tx(K0 = 0) + δt0(K0, ω) + δt2(K0, ω) cos(2ωτ)

+...

UA(τ) = U(K0 = 0) + δU0(K0, ω) + δU1(K0, ω) cos(ωτ)

+δU2(K0, ω) cos(2ωτ) + ...

UB(τ) = UA(τ + π/ω).

The expansion of tx(τ) features only even harmonics of
ω since tx(τ) = tx(τ + π/ω). The main effect of the
modulation is a shift of the static tunneling energy by
δt0(K0, ω), which is given in extended data Tab. ED1 for
the maximum driving amplitude and frequency in each
lattice configuration. Note that even though the relative
change of the tunneling energy is on the order of 10-
20% for large values of K0, the absolute change is much
smaller since the hopping amplitude is renormalized by
the Bessel functions J0(K0) or J1(K0), depending on
the frequency regime. On the other hand, we find that
the shift of the mean value of U is much smaller and
even for the strongest driving we have δU0(K0, ω)/U <

6 × 10−3. The second effect is a modulation of tx and
U which is negligible, since it has to be compared to
the driving frequency. The dimensionless modulation
strength for the lowest Fourier components will be given
by Kt

0 = δt2(K0, ω)/(2~ω) and KU
0 = δU1(K0, ω)/(~ω).

Even for the maximum values of K0 and ω, we find
Kt

0 < 6× 10−3 and KU
0 < 0.02 for all our lattice geome-

tries. We have also performed a numerical simulation of
the two-site Hubbard model including all of the above
modifications, in which we use a Trotter decomposition
to evaluate the quasi-energy spectrum (see also Methods
section on the theoretical treatment of the driven double
well and extended data Fig. ED4). We have found that
even for the largest driving amplitudes used in the mea-
surement of the exchange energy (see Fig. 4), Jex is mod-
ified by at most 10 Hz in the off-resonant driving regime
(compare to extended data Fig. ED4b) and 60 Hz in the
near-resonant case (extended data Fig. ED4d), which is
mainly caused by the shift of the mean value of tx. This
change is still smaller or comparable to the uncertainty
on the exchange energy resulting from an imprecise cali-
bration of the Hubbard parameters in the lattice, which
is on the order of 70 Hz.

Measurement of magnetic exchange

The exchange energy is measured in a Ramsey-type
protocol in isolated double wells. After preparing sin-
glet states on adjacent sites in a deep cubic lattice with
V
X,X,Ỹ ,Z

= [30, 0, 30, 30] ER as outlined above, we per-

form a π/2-pulse with a magnetic field gradient to gen-
erate a coherent superposition between the singlet and
triplet state. After this, we first ramp the magnetic field,
the interfering lattice VX and the driving amplitude K0

to the desired value within 2 ms. In the next step, we
trigger an exchange oscillation by suddenly lowering the
barrier in the double well by decreasing VX to the de-
sired value within 100 µs. After a variable evolution
time τevol in the driven system, we freeze the dynam-
ics again by increasing VX to 30 ER within 100 µs, re-
vert the the ramps of the magnetic field, the interfering
lattice VX and the driving amplitude K0 and perform
a second π/2-pulse with a magnetic field gradient. Fi-
nally, we measure the fraction of singlets on adjacent
sites, which is given by ps(τevol) = [1− cos(Jexτevol/~)]/2
after the evolution. In the experiment, we vary the evo-
lution time τevol and measure the singlet fraction for
each modulation amplitude K0 for not less than 9 dif-
ferent values of τevol, with at least 27 individual mea-
surements in total. We fit the data with a function
ps(τevol) = α[1 − cos(Jexτevol/~)] exp[−βτ ] + γ and ex-
tract the exchange from the fitted frequency. In order
to estimate the error, we use a resampling method which
assumes a normal distribution of measurement results at
each evolution time. The standard deviation of the distri-
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bution is determined by the measured standard deviation
or, if we measured the singlet fraction at this τevol only
once, by the residual from the fitted curve. Afterwards,
we randomly sample a value for the singlet fraction at
each evolution time and refit the resulting data set. At
the same time, the initialization values of the fit param-
eters Jex and β are varied by ±10%. This procedure
is repeated 1000 times and the mean ± standard devi-
ation of the resulting distribution of frequencies deter-
mine the asymmetric error bars for the fitted exchange
frequency, as shown in Fig. 4. In order to demonstrate
the sign change of the magnetic exchange for U . ~ω
(see Fig. 4d), we first let the system evolve for a time

τ0 with a non-driven exchange J
(0)
ex , until a quarter ex-

change oscillation has been performed, i.e. J
(0)
ex τ0 = π/2.

After that, we suddenly switch on the sinusoidal mod-
ulation at the desired value of K0, which projects the
system on to a Hamiltonian with a negative Jex. There-
fore, the system changes its sense of rotation on the
Bloch sphere (see Fig. 4a) and the singlet fraction af-
ter a variable total evolution time τevol > τ0 is given by
ps(τevol) = {1 + sgn(Jex) sin[|Jex| (τevol − τ0)/~]}/2.

Theoretical treatment of the driven double well

We perform both analytic and numerical studies on the
driven double well as described in earlier work [20]. In
this context, we use Floquet’s theorem to derive an ef-
fective static Hamiltonian in a high-frequency expansion.
In the following, we will include terms up to order 1/ω,
as given in Appendix A in [20]. In the off-resonant case,
the term proportional to 1/ω vanishes, such that the ef-
fect of the modulation is a pure renormalization of the
tunneling by a 0-th order Bessel function t → tJ0(K0).
Therefore, the exchange energy defined as the energy dif-
ference between the triplet and singlet state becomes

Jex, off-res =
1

2

[
−U +

√
16t2J 2

0 (K0) + U2

]

In the Heisenberg limit of large interactions (t ≪ U ≪
~ω) we find

Jex,off-res
U≫t−→ 4

t2

U
J 2
0 (K0) (5)

In the case of near-resonant driving (t ≪ U ≈ ~ω), we
can express the Hamiltonian in terms of t, U and the
detuning δ = ~ω−U and we consider terms up to orders
O(t2/U, tδ/U, δ2/U). In this regime, the single particle
tunneling t0 = tJ0(K0) is renormalized as for the off-
resonant case. On the other hand, the density assisted
tunneling changing the number of double occupancies is
given by t1 = tJ1(K0). The exchange is given by

Jex, res =
1

2


δ + 4

t20
U

∓

√

16t21 +

(
δ − 4

t20 + t21
U

)2



for δ ≷ 0, which reproduces the Heisenberg limit Eq. (5)
for the case of no driving K0 = 0. For large detunings
(t ≪ δ ≪ U, ~ω), the exchange takes the form

Jex,res
δ≫t−→ −4

t21
δ
+ 2

2t20 + t21
U

The leading term of this expansion is proportional to
J 2
1 (K0) and changes sign with the detuning δ. This ex-

plains the switch to a ferromagnetic exchange for U < ~ω
beyond a certain driving strength. In addition to the
analytic derivation of the effective Hamiltonian, we also
performed a numerical simulation of the two-site Hub-
bard model. We use a Trotter decomposition to evaluate
the evolution operator over one period from which we
extract the spectrum (for details see [20]). A compari-
son of the numerical and analytic results for the experi-
mental parameters is shown in extended data Fig. ED4.
For all of the derivations above, we assumed that the
static double well can simply be described by the tun-
neling t and the onsite interaction U . However, if the
Wannier functions on the two sites have a significant
overlap, the description needs to be extended to a two-
band Hubbard model. In this case, higher order correc-
tions like density assisted tunneling δt as well as near-
est neighbor interactions, direct exchange and correlated
pair tunneling V (the last three are all equal for the
two-band Fermi-Hubbard model) become significant (see
Appendix A.1 in [20]). For the experimental parame-
ters in the off-resonant case (see Fig. 4b), their values
are V/h = 2.4(7) Hz, δt/h = 22(3) Hz in the static
lattice. In the near-resonant driving regime (Fig. 4c),
interactions are stronger and the corrections increase
to V/h = 26(8) Hz, δt/h = 120(10) Hz for U/h =
6.5(1) kHz and V/h = 40(10) Hz, δt/h = 170(20) Hz
for U/h = 9.1(1) kHz. To lowest order, the density as-
sisted tunneling will increase the effective tunneling to be
t+ δt, and V decreases the exchange interaction by 2V ,
both in the static and driven cases.

Data availability

All data files are available from the corresponding au-
thor upon request.
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Extended Data Figure ED1: Time dependence of mag-

netic correlations for near-resonant driving. Nearest
neighbor spin-correlations C for the same lattice configura-
tion as in Fig. 3 as a function of the modulation time after
the ramp up of the drive. The data allows to compare the for-
mation and decay of magnetic correlations for two specific sets
of interactions and modulation frequencies with the level of
correlations in the static case (black). For a driving strength
of K0 = 1.30(3) and U/h = 3.8(1) kHz, ω/2π = 3 kHz (red),
anti-ferromagnetic correlations increase with time and reach
a level higher than the static case (black, U/h = 3.8(1) kHz).
If the interaction is smaller than the driving frequency (blue,
U/h = 4.4(1) kHz, ω/2π = 6 kHz), the correlations switch
sign and become ferromagnetic after a few milliseconds. For
long times, the correlations in each configuration decrease due
to heating in the lattice. Solid lines show an exponential fit
of the full data in the static case (gray) and to modulation
times longer than 4 ms in the driven lattice for U > ~ω (red).
The extracted lifetimes decrease from 82(34) ms without drive
to 12(4) ms at K0 = 1.30(3). All measurements are averaged
over one modulation cycle. Data points and error bars denote
the mean and standard error of 13 individual measurements
at different times withing one driving period (see Methods).
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Extended Data Figure ED2: Micromotion for near-

resonant driving. Nearest neighbor spin-correlations C for
the lattice configuration in Fig. 3 and K0 = 1.30(3) as a func-
tion of modulation time after the ramp up of the drive, sam-
pled withing one oscillation period. We observe a significant
micromotion both for the case of enhanced anti-ferromagnetic
correlations in a (U/h = 3.8(1) kHz and ω/2π = 3 kHz)
and for ferromagnetic ordering in b (U/h = 4.4(1) kHz and
ω/2π = 6 kHz). For a different set of parameters in the
measurement of the micromotion it should be also possible to
switch between anti-ferromagnetic and ferromagnetic correla-
tions within one driving cycle. The open symbols represent
a reference measurement in the static case with all other pa-
rameters being equal. Solid lines are sinusoidal fits to the
data which results in a fitted frequency of 4.8+1.9

−0.4 kHz (a) or

7.6+3.9
−1.7 kHz (b), respectively. Error bars denote the standard

error of 10 independent measurements.
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Extended Data Figure ED3: Adiabaticity of the mod-

ulation ramp in the many-body system. a, Starting
from the static lattice, the modulation amplitude is ramped
up and subsequently kept at a fixed value to allow for a 5 ms
equilibration time. The ramp up time depends on the cho-
sen configuration and is 3.333 ms (2 ms) for a modulation
frequency of ω/2π = 3 kHz (6 kHz). We start the detec-
tion of nearest neighbor spin-correlations C by quenching the
tunneling to zero as we ramp up the lattice depth in all direc-
tions within 100 µs. To estimate the adiabaticity of the final
state, we perform a second type of measurement in which
we revert the driving ramp followed by an additional wait-
time of 5 ms before the detection. If the ramp scheme of
the modulation is fully adiabiatic, we expect a reversal of
the correlations to their static value. b, The nearest neighbor
spin-correlations C are plotted versus the modulation strength
in the off-resonant driving regime (U/h = 0.93(2) kHz and
ω/2π = 6 kHz). The filled green circles are measured in
the modulated system (same data as in Figure 2b) and the
open green circles after ramping off the modulation. It can
be observed that the correlations do not reach the level of
the static case at K0 = 0 anymore after reverting the ramp.
We attribute this to some extend to a reduced lifetime of
correlations, which is found to be 14(5) ms at K0 = 1.26(4)
compared to 92(16) ms in the static case. c, Spin-correlator
for different driving strengths K0 in the near-resonant regime
for U < ~ω (blue, U = 4.4(1) kHz and ω/2π = 6 kHz) and in
the regime of enhanced anti-ferromagnetic correlations (red,
U/h = 3.8(1) kHz and ω/2π = 3 kHz). Full data points repre-
sent the effective states in the modulated system (same data
as in Figure 3c) while open data points are measured after
ramping off the modulation. Again, correlations do not reach
the static value after reverting the driving ramp due to the
finite lifetime (see also extended data Fig. ED1). Data points
and error bars denote the mean and standard error of 10 in-
dividual measurements at different times withing one driving
period (see Methods).
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Extended Data Figure ED4: Analytical and numerical

treatment of a driven double well. a, Quasi-energy spec-
trum for two particles in a double well as a function of the
onsite interaction U for off-resonant driving (t/h = 350 Hz,
K0 = 1.5 and ω/2π = 8 kHz). The gray lines show the energy
spectrum without modulation. For U ≫ t, the ground state
is the spin singlet |s〉 and the first excited state the triplet
|t〉. To lowest order, the driving renormalizes the tunneling
by a zeroth order Bessel function tx → teffx (K0) = txJ0(K0) ≈
0.51 tx. b, Calculated exchange energy Jex,off−res (see Meth-
ods), defined as the energy difference between the spin sin-
glet and triplet states (see a), as a function of the shaking
strength K0 for an off-resonant modulation (t/h = 350 Hz,
U/h = 2.1 kHz and ω/2π = 8 kHz, compare to Fig. 4b).
The dashed line is the analytical result derived from a high-
frequency expansion of the effective Hamiltonian, while the
solid line is the result of a numerical calculation. The ex-
change energy is reduced to small values as the tunneling is
renormalized by the zero-order Bessel function J0(K0). For
large modulation amplitudes, deviations from the result ob-
tained from an expansion up to order 1/ω can be observed.
Here, the exchange already becomes weakly ferromagnetic due
to the finite value of the interaction. c, Floquet spectrum
of the double well system as a function of the interactions
U for near-resonant driving (t/h = 640 Hz, K0 = 0.8 and
ω/2π = 8 kHz). The gray lines show the energy spectrum
without periodic modulation. The drive couples the singlet
state to a state containing double occupancy, which leads to
an avoided crossing at U ≈ ~ω. As a result, a gap opens
which is to lowest order given by 4J1(K0). d, Dependence
of the exchange energy Jex,res on the modulation amplitude
in the near-resonant regime for two different detunings with
t/h = 640 Hz and ω/2π = 8 kHz (blue data: U/h = 6.5 kHz;
red data: U/h = 9.1 kHz, compare to Fig. 4c). The dashed
line is the analytical result (see Methods) derived from a high-
frequency expansion of the effective Hamiltonian, while the
solid line is the result of a numerical calculation. For U > ~ω,
the exchange energy is significantly increased while it changes
sign to a ferromagnetic behavior for U < ~ω. In both driv-
ing regimes, the analytical result is in very good agreement
with the exact numerics. Our measurements of the exchange
energy in Fig. 4 agree well on a qualitative level with the the-
oretical expectation.
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Main text figure 2 3 4b 4c, 4d

Atom number (103) 28(2) 32(2) 186(6)

Initial T/TF 0.07(1) 0.12(2) 0.06(1)

ω̄trap/2π (Hz) 84(2) 84(2) 119(2)

tx/h (Hz) 810(150) 570(110) 350(50) 640(90)

ty/h (Hz) 125(8) 125(8) < 1

tz/h (Hz) 78(8) 85(8) < 2

dx/(λ/2) 0.71(2) 0.74(2) 0.79(1) 0.73(1)

dvertx /(λ/2) 0.29(2) 0.26(2) 0.21(1) 0.27(1)

δt0(K
max
0 , ωmax)/tx 0.085(1) 0.102(1) 0.236(9) 0.106(2)

Extended Data Table ED1: Summary of experimental

parameters for the measurements in Fig. 2-4 of the

main text. Values given for Fig. 2 correspond to the initial
static configuration with K0 = 0. The initial temperature is
measured before loading the atoms into the lattice. dx is the
length of the horizontal bonds, while dvertx is the horizontal
distance between two sites forming the vertical bonds in z-
direction, resulting from a non-rectangular lattice unit cell.
The effective modulation amplitude is given by the projection
of each bond on the x-direction. δt0 describes the change
of the mean value of tx in the driven lattice due to a time-
dependent modification of the Wannier functions. The values
given here are an upper bound corresponding to the maximum
modulation amplitude Kmax

0 and frequency ωmax used in each
lattice configuration (see Methods for further details).
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