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The quantum system under periodical modulation is the simplest path to understand the quantum
nonequilibrium system because it can be well described by the effective static Floquet Hamiltonian. Under
the stroboscopic measurement, the initial phase is usually irrelevant. However, if two uncorrelated
parameters are modulated, their relative phase cannot be gauged out so that the physics can be dramatically
changed. Here, we simultaneously modulate the frequency of the lattice laser and the Rabi frequency in an
optical lattice clock (OLC) system. Thanks to the ultrahigh precision and ultrastability of the OLC, the
relative phase could be fine-tuned. As a smoking gun, we observed the interference between two Floquet
channels. Finally, by experimentally detecting the eigenenergies, we demonstrate the relation between the
effective Floquet Hamiltonian and the one-dimensional topological insulator with a high winding number.
Our experiment not only provides a direction for detecting the phase effect but also paves a way in
simulating the quantum topological phase in the OLC platform.
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Introduction.—Floquet engineering is a powerful tool
for quantum simulating the exotic Hamiltonian via time-
periodic driving [1-7]. Extending modulation from one
parameter to two is a tantalizing nontrivial task in both
physics and technique aspects. The relative phase will
strongly change physics due to the time-reversal sym-
metry breaking [4,8,9], and the typical phenomenon is the
observation of interference. Various theoretical proposals
of double modulation are discussed, such as realizing
the unconventional Hubbard model [10,11], studying
quantum scar [12], and controlling particles’ migration
[13]. However, the experimental realization is extremely
hard in the quantum many-body systems because it
technically requires both parameters to be independently
fine-tuned to make the relative phase ultrastable, and the
resulting phenomena can be clearly observed.

As one of the most accurate platforms, the optical lattice
clock system becomes an ideal candidate [14—16]. The
OLC is composed of an optical local oscillator stabilized by
an appropriately chosen two energy levels of transition of
thousands of atoms trapped in a lattice potential [17-20].
The lattice laser at “magic wavelength” guarantees both
energy levels feel the same lattice potential and the line-
width of the spectrum can be suppressed to several hertz.
Meanwhile, the long lifetime of the excited state keeps
the system unaffected by spontaneous emission during
measurement. Thus, it is not only taken as the candi-
date of the next standard of time but also as a perfect
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platform for measurements of fundamental constants in
physics [21-23].

In this Letter, we successfully design and implement
an experiment to simultaneously modulate the internal
levels of an atom as well as the Rabi frequency in the
87Sr OLC system [Fig. 1(a)] [14—16,24]. It can be taken as

an effective magnetic field h (t) = {h,(1),0, h (1)} coupled
to two energy levels in the description of the Pauli matrix &.
The Hamiltonian can be written as

A -

i = nh(r) - 3. (1)

The longitude field &, (7) is equal to [5+ Acos(wit+y)]/2,
where 6§ = A —w,, is the detuning frequency between
the atom internal energy gap A and the clock laser
photons ,,; and the associate modulation is characterized
with the longitude driving frequency w3, amplitude A, and
phase w. Meanwhile, the transverse field h.(7) is
Q; cos(wft)/2, where Q; is the static Rabi frequency of
the external harmonic oscillator state |7) without modu-
lations and wy is the transverse driving frequency. In order
to check the phase effect, we set @} = @w¢ = w,. Owing to
the high precision spectrum in the OLC platform [25], the
Floquet sidebands can be resolved at a driving frequency
down to 100 Hz [26] so that we can stabilize and fine-tune
the relative phase, which remarkably changes the move-

ment path of E(l) Because of longitude modulation, the
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FIG. 1. Schematic picture of experiment setup and interference.

(a) Function generator providing three signals: Sp(t), S,(¢), and
Spw(1). Sp(t) and Spw(r) used for modulating frequency of
813 nm lattice laser and power of clock laser by voltage variable
attenuator (VVA), respectively. Signal S,(¢) can be input into
microwave switch (MS) to switch two signals, zero and ¢,
generated by the arbitrary function generator (AFG) so that the
phase shift due to transverse amplitude modulation can be
compensated. The phase, power, and frequency of the 698 nm
clock laser [locked to an ultra-low-expansion (ULE) cavity] are
simultaneously changed by imposing the signal from VVA to the
acousto-optic modulator (AOM). (b) Under longitude modula-
tion, the two-level atom can be treated as surrounded by Floquet
photons with energy A, in the dressed atom picture. (c) Trans-
verse modulation provides two Floquet channels of @, and w),
through which the atoms can hop from 'S, to 3P, with the
assistance of longitude Floquet photons. The relative phase 2y
between two hopping processes causes interference.

transition between two levels can be assisted by longitude
“Floquet photons” with the energy Aw,. On the other
hand, the transverse modulation of the clock laser results
in two Floquet channels with “photon frequencies” of
w, = o, — o, and 0, = w, + o,, respectively. As shown
in Figs. 1(b) and 1(c), when the energy gap A is equal to
w, + (ng + Do, = 0} + (n, = g (ny is the order of
Floquet sideband), the initial relative phase can induce the
interference between Floquet photon assisted tunnelings
through two different transverse Floquet channels.
Furthermore, the effective Floquet Hamiltonian can be
taken as two effective magnetic fields with different
winding numbers coupled to atoms. It is directly related
to the one-dimensional (1D) topological insulator, and a
different Floquet sideband exhibits strong relations with the
high order winding number.

Experiment setup.—Approximately 5 x 10* fermionic
87Sr atoms are cooled down to &3 uK and loaded into a
quasi-one-dimensional optical lattice aligned with the z
axis (experimental details shown in Supplemental Material
[26]). As shown in Fig. 1(a), the lattice is created by a
counterpropagating laser beam at a magic wavelength of
A, = 813.42 nm so that the dipole-forbidden transition

energy levels (552)'Sy(lg)) and (555p)°Py(|e)) feel the
same lattice potential. About N, ~ 1200 lattice sites are
separated by barriers of height V, & 90E, (E, = 3.44 kHz,
which is the recoil energy), which is strong enough to
hinder intersite tunneling. The lifetime of the excited state
is about 160 s, whereas each round of the experiment lasts
for several hundreds of milliseconds; and so the sponta-
neous emission could be ignored. Our platform could be
well described as an ensemble of noninteracting atoms
taking a pseudo-spin half trapped in a harmonic trap [26].
All the atoms are prepared at the ground internal states |g),
whereas the distribution at external states |77) follows the
Boltzmann distribution law. Then, after interacting with a
plane-wave clock laser at a Lamb-Dicke regime [26], the
atoms follow a Rabi oscillation between the internal states
with different Rabi frequencies according to their external
states; and the bare Rabi frequency is Q,/2729.0 Hz.

Longitude modulation.—The frequency of the lattice
laser is modulated as w; (1) = @; + @, sin(w,t + w) with
@; = 2rc/A;, and w, is the driving amplitude [26,32].
In the lattice comoving frame, due to the relativistic
Doppler effect, the atoms feel an effective clock frequency
w',(t) = w, — Acos(w,t +y) with a driving amplitude
A = w,w,0,L/co; (L is the distance from the high-
reflecting mirror to the lattice center). Then, the system
can be approximately described with time-dependent
Hamiltonian

. O0+A t Q;

As presented in our recent experiment [32], more than ten
resolved Floquet sidebands are clearly observed. Both the
theory and experiment indicate that the initial phase y is
irrelevant to both the Rabi oscillation and spectrum.

Transverse modulation.—To modulate the Rabi fre-
quency, we implement the amplitude modulation on the
clock laser. Because the Rabi frequency is proportional to
the square root of clock laser’s intensity Q(r) « /(1)
we set the modulation function as Spw(t) = cos?(w,t).
However, the additional z phase is automatically inserted
at the zero point Q(z) = 0, and it causes the discontinuity.
To compensate for the phase, as demonstrated in Fig. 2(a),
we utilize the phase modulation following the square
wave oscillating between zero and ¢ [26]. Then, the
Hamiltonian after rotating wave approximation (RWA)
can be written as

. hé hQ; '
Hy = 50t THCOS o,t(o e’ +He).  (3)

with the effective phase modulation function f() as

f(t):{o ~T/A<t—nT <T/4

NG
m—¢ T/A<t—nT <3T/4
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where T = 2z/w, is the modulation period. The Rabi
frequency is under both amplitude and phase modulation
as shown in Fig. 2(a). Because the experiment was run
in the parameter region where the resolved sideband
approximation of w, > Q5 holds, the lowest order effective
Hamiltonian derived from Floquet-Magnus expansion for
n,th Floquet sidebands is expressed as

<, Hoy, hQ
By =" 4 (T2 o, + He. (5)
2 2
in which 6, =6 —nw,, and the effective Rabi frequ-
ency is
w n, =41
n, ~ i) e (insm)/2
Q= —79”(12212181) n,=2m:- (6)
0 others

Then, the probability of internal excited states is

2 n,

i), 7

o (5r). o)
where RY = /|QX|* 4 &2 with the Boltzmann distribu-

tion factor g(7i) of external states |7) [25]. In Fig. 2(b),
the experimental Rabi spectrum at a measuring time
of t = 70 ms matches well with the theoretical result. To
remove the phase discontinuity of amplitude modulation,
we set ¢p = x for total compensation. As demonstrated in
Fig. 2(c), all the Floquet channels are totally suppressed

"z

e (6,1) =

"t
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FIG. 2. Transverse modulation. (a) Rabi frequency simulta-
neously under a sinusoidal waveform amplitude modulation and
a square waveform phase modulation. (b) Rabi spectrum of
theoretical prediction (left) and experimental results (right) for
phase ¢ changing from zero to z at measuring time ¢ = 70 ms.
(c) Comparison between experimental and theoretical Rabi
spectra with ¢ = x.

down to weaker than noise, except for n, = +1 Floquet
channels with equal height [26].

Double modulation and interference.—Longitude and
transverse modulations are demonstrated to be well fine-
tuned, respectively. However, the modulation of one
parameter should not affect another one for double modu-
lation. Meanwhile, both modulations must be synchronized
to make their relative phase y finely tunable and stable
[26]. To achieve that, we use a function generator to
generate both modulation functions with the same fre-
quency and chose it as low as w,/2z = 100 Hz. After the
RWA, the system can be well described with the explicit
form of Eq. (1):

I,\{D:h

S+A t 2
+ Cosz(ws + V/) o, + THCOS ((l)st)ax . (8)

Then, if we consider both modulations can produce a set
of Floquet quasienergy spectra with the same intervals, a
question will immediately arise—Could the relative phase
make different Floquet channels interfere so that the Rabi
spectra changed?

In our experiment, we only vary the relative phase with-
out changing other parameters. As shown in Figs. 3(a)-3(c),
the Rabi spectra strongly change according to y. There are
two main features that can be clearly observed: (I) the
different Floquet sidebands undergo different destructive
or constructive interference processes; and (I) the spectrum
at w and = —y are the same, which reflects a hidden
symmetry. In order to reveal its mechanism, utilizing the
Jacobi-Anger relation and Floquet theory, we obtain the
effective Floquet Hamiltonian similar to Eq. (5) but with a
different effective Rabi frequency for the n,th Floquet
sideband:

einav Q)

Q=

7 = (I [K]e™ + T 11 [K]e¥).(9)
in which K = A/w, is the renormalized driving ampli-
tude, and where J,[] is the nth order first kind Bessel
function [26]. Together with Eq. (7), we could calculate
the Rabi spectrum; and Figs. 3(a)-3(c) demonstrate that
the theoretical results are quite consistent with the exper-
imental data.

The interference can be understood via expression of
the effective Rabi frequency [Eq. (9)]. The n,th Floquet
frequency has two terms that are related to n, £ 1 Floquet
modes of longitude modulation, respectively. As demon-
strated in Figs. 1(b) and 1(c), in the dressed atom picture,
the longitude modulation provides lots of Floquet photons
carrying the y phase. Meanwhile, if the transverse modu-
lation is also on, the hopping from |g) to |e) states can have
two channels: @}, and ;. Because both modulations have
the same driving frequency of @} = i = w,, when o, +
(ng — 1w, = w, + (ng + 1)w, is equal to the gap A, the
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FIG. 3. Rabi spectrum of double modulation. (a)—(c)
Comparisons between theoretical and experimental results for
different y at K = 1.38. (d)—(f) Peak’s height of zeroth to second
order Floquet sidebands at measuring time of ¢+ = 70 ms calcu-
lated with Floquet theory, where red dots mark parameters chosen
in Figs. 3(a)-3(c).

atoms can be excited via both channels. Considering
the phase difference between both channels is 2y,
the atoms can interfere with each other, and the period
is #. From the theoretically calculated heights of zeroth
to second order Floquet sideband peaks shown in
Figs. 3(d)-3(f), we can find that the interference of all
Floquet sidebands could be observed by adjusting the
renormalized driving amplitude K. Then, because the
Bessel functions are real, the strongest interference effect
happens at y equal to zero and z/2. In addition, because the
probability of excitation P,? is irrelevant to the argument of
the Rabi frequency, the Rabi spectra at y and 7 —y
are the same. Furthermore, for a different driving fre-
quency, the Floquet spectrum will be nearly unchanged
via rescaling detuning with the unit of the driving fre-
quency (see Supplemental Material [26] for different w,
at K =1.1).

Double modulation and topology.—The n4th sideband
effective Floquet Hamiltonian of the doubly modulated
OLC could also be taken as a spin 1 / 2 atom coupled to

two magnetlc fields of Hgl = (/ 2)(h x ) with h, = =
n,,—l + Bnd+1 and

Q"Jnd [K]

5—
B, = ”T {cos(ndl//), —sin(ngy), ﬁ}

1

Then, we can consider hj, =0, where the peak of the
nyth order Floquet sideband stands. Reminiscent of the
famous Su-Schrieffer-Heeger (SSH) model in momentum
space of Hggyy = h (k) x 6 [34,35], the numbers of effective
Hamiltonians Hp: can be provided for simulating various
1D quantum topological phases after mapping the phase y
to quasimomentum k. Similar to analyzing the endpoint of
h(k) while letting the quasimomentum k walk around the

Brillouin zone, we can also check different 7, (w) while
varying y from —z to #. Meanwhile, the eigenenergies

E; (w) = +(h|h, ,1)/2 can also be calculated for checking
the close of the energy gap. Because the Rabi oscillation
is only related to the modulus of the effective Rabi
frequency |ﬁn .|, we can experimentally measure the Rabi

oscillation and extract the eigenenergies of different
Floquet sidebands [26].

For the zeroth Floquet sideband, the effective total
magnetic field is /1o = {0,—2J, [K]sin(y),0} since J_,[K] =
—J[K]. Then, because EO only has a nonzero y component,
the system cannot have nontrivial topology. Turning to the
first order Floquet sideband, in Fig. 4(a), the experimental
result of eigenenergies shows the energy gap closed at
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FIG. 4. Topology of Floquet effective Hamiltonians. (a) Eige-
nenergies in units of bare Rabi frequency €, of the first order
Floquet sideband for different K obtained theoretically (solid
line) and experimentally (dashed line). Corresponding theoretical
results of “magnetic field” in &, — h, plane and winding number
shown in Figs. 4(b) and 4(c) corresponding to same color in
Fig. 4(a). Results of second order Floquet sideband shown in
Figs. 4(d)—-4(f).
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K =1.84. From the Rabi spectrum around it [26],
we obtain the experimental value with uncertainty of
KE =1.84(8), which agrees well with the theoretical
prediction K”; = 1.8412. When tuning the phase y from
—n to z, the effective magnetic field can form a closed
path. In Fig. 4(b), we can find that the origin point moves
from outside to inside by increasing K, and the touch point
corresponds to the parameter at which the energies have
the linear dispersion around the gap’s closed point of
w = tx/2. The small deviations between theoretical and
experimental results at the low effective Rabi frequency are
due to the dephasing of the Rabi oscillation [33,36]. In
order to quantitatively analyze the topology, we have to
calculate the winding number

1 [=dIn(h;, —ihy,) p
27 ), dy ’
which is a topological invariant. As shown in Fig. 4(c),
winding numbers equal to zero and two correspond to the
origin points outside and inside the closed path, respec-
tively. The linear dispersion is related to the topological
transition point from zero to two, as well as the closed path
touching from the negative &, direction. The topological
transition of the second order Floquet sideband is shown in
Figs. 4(d)—4(f), and the winding number changes from one
to three. The topological transition point K% = 3.10(11)
[26] is also related to the linear dispersion of energy at
yw = +x/2. Differently, the closed path touches the origin
point from both +h, directions.
These topological properties can be theoretically under-
stood by analyzing two effective magnetic fields E,, ,—1 and
é,, ,+1, of which the winding numbers are n; —1 and

ng + 1, respectively. Because the total magnetic field ﬁn,,
is homotopic to one effective magnetic field, which has a
larger magnitude, the winding number of the system is
determined by B, with larger magnitude. When the
renormalized driving amplitude K is small, the magnitude

of End_l is larger than é,, ,+1> and so the winding number is

ng — 1. Then, when |§,,d_1| is equal to |E’nd+1 , we obtain
the first critical point where the winding number changes
from n; — 1 to ny + 1. Considering the |l§,,d_1| - |1§,,d+,|
alternative changing around zero, the winding number
should oscillate between n,; — 1 and n,; + 1.

Conclusion and outlook.—We successfully realized
double modulation in the OLC platform. By fine-tuning
the relative phase between both modulations, we observed
the clear interference effect induced by two types of
Floquet photons. Meanwhile, we find they are strongly
related to the 1D topological insulator and experimentally
observed the energy gap open-close-open behavior.
Beyond the SSH model, the high order effective Floquet
Hamiltonians preserve higher winding numbers.

In the OLC platform, the coherence time could last at
least more than 6 s [37], and so the topological phase
transition and the related physics of dynamics can be finely
studied in the future work. In addition, the realization of
double modulation can open several research paths. The
straightforward way is extending the simulation of the
topological insulator from 1D to two dimensions by tuning
the compensated phase ¢. Meanwhile, a more complex
topological phase can be simulated by combining with
other degrees of freedom [38]. On the other hand, choosing
two driving frequencies incommensurately or opening the
tunneling of nearest neighbor lattice sites [24] may also
bring in chaos or exotic many-body Hamiltonians.
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