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Exceptional degeneracies and generically complex spectra of non-Hermitian systems are at the heart of
numerous phenomena absent in the Hermitian realm. Recently, it was suggested that Floquet dissipative
coupling in the space-time domain may provide a novel mechanism to drive intriguing spectral topology
with no static analogs, though its experimental investigation in quantum systems remains elusive. We
demonstrate such Floquet dissipative coupling in an ensemble of thermal atoms interacting with two
spatially separated optical beams, and observe an anomalous anti-parity-time symmetry phase transition at
an exception point far from the phase-transition threshold of the static counterpart. Our protocol sets the
stage for Floquet engineering of non-Hermitian topological spectra, and for engineering new quantum

phases that cannot exist in static systems.
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Generically complex eigenvalues and the existence of
exceptional point (EP) of non-Hermicity [1] underlie exotic
phenomena beyond the Hermitian framework [2-9].
Fascinating examples include the skin effect and anoma-
lous bulk-edge relations [10-15], exceptional nodal phases
with open Fermi-Seifert surfaces [16—18], and topological
energy transfer [19].

The time-periodic modulation of a quantum system
allows one to tailor interesting spectra and achieve new
quantum phases of matter [20-29]. In addition to providing
powerful tools to engineer various spectra that could arise
in static Hamiltonians, periodic driving also opens up the
possibility of engineering new phases with no static
analogs. In the non-Hermitian context, Floquet engineering
has led to the recent realizations in photonic systems of a
triple phase transition in a one-dimensional non-Hermitian
synthetic quasicrystal [30] and other intriguing phenomena.
On the theoretical side, recent studies [31,32] conjectured
that Floquet non-Hermitian systems featuring dissipative
couplings in combined space-time (Floquet) domain can
host unique spectral topology and anomalous skin modes
that cannot exist when the system is static. However, such
Floquet dissipative coupling, an essential mechanism
driving these novel phenomena, has yet to be investigated
experimentally in quantum systems.
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Here, we make an important step toward exploring the
Floquet non-Hermitian engineering by reporting the first
atomic realization of controllable dissipative couplings by
periodic driving as a new approach for studying non-
Hermitian phases and for dissipation engineering. Such a
control has been previously challenging for thermal atoms,
due to the difficulty to control the atomic diffusion induced
dissipative couplings while still retaining sufficient atomic
coherences. Using an oscillating magnetic field, we peri-
odically shake a thermal atomic ensemble which interacts
with two spatially separated laser beams in a vapor cell.
This creates Floquet sidebands (each numbered by n) of
atomic spin waves in two spatially separated optical
channels, which are dissipatively coupled via the ballistic
atomic motion. We demonstrated our new approach via
realizing tunable Floquet exceptional point (EP) in a wide
parameter regime beyond the static setup, and, for the first
time, in a setting where the synthetic (frequency) dimension
is complemented by a real dimension. Such an ability to
engineer nonlocal dissipations opens completely new
possibilities of manipulating thermal atoms. For instance,
it allows for the engineering of Floquet dissipative band
structures and the realizations of ladders with a tunable
number of legs, with important connections to non-
Hermitian topological matter and dissipative Floquet
phases that cannot exist in static systems. Compared with
Floquet non-Hermitian systems in photonics and other
platforms, which are classical in nature, atomic vapor
system offers a unique platform for exploring the dissipa-
tion-mediated quantum correlations and fluctuations

© 2024 American Physical Society
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FIG. 1. Schematics for Floquet dissipative coupling in thermal atomic ensembles. (a) Experimental setup. Two spatially separated
optical channels (CH1 and CH2) propagate in a paraffin-coated 3’Rb vapor cell at 54 °C. The thermal motion of atoms mediates the
dissipative coupling between two spin waves created in each channel via the A-type EIT interaction. The |1) and |2) are Zeeman
sublevels of ground state |58, ,, F = 2), and |3) is the excited state [SP;/,, F = 1) of the ¥Rb D1 line. The left-circularly polarized
control fields in CH1 and CH2 drive the dipole transition |1) — |3), with single photon detuning A, and 0, respectively, while the
transition |2) — |3) is driven by right-circularly polarized probe. The cell resides inside a four-layer magnetic shielding and is
surrounded by a set of coils to generate a uniform bias magnetic field B, along the light propagation direction, inducing a Zeeman shift
8y = 17 kHz. An oscillating magnetic field added to By in z direction leads to the periodic Zeeman splitting 5z(¢) = &y + 55 cos(wpt),
thus creating Floquet sidebands of the spin wave in both channels. Different Floquet sidebands in two channels can be dissipatively
coupled by tuning A. (b) [llustration of Floquet dissipative coupling in two optical channels through sharing the spin waves. (c) An EIT
spectra measured in CH2 under a periodic drive at wgp = 3.1 kHz. It is marked with light blue area in (d). Since the control beam in CH2
is off, this signal carries the information of the spin wave transferred from CHI to CH2. (d) EIT peak height as a function of the
modulation frequency wp. Solid lines show the numerical fit with Bessel functions J2,(85/wg) with 65 ~ 3 kHz close to the estimated
value (see the Supplemental Material [35] for more details). In (b) and (c), both control and probe are on in CH1 while the control is off
in CH2.

[33,34]. An example is illustrated in the Supplemental
Material [35].

We consider an anti-P7 symmetric platform with
thermal atoms, as depicted in Fig. 1(a). Our experiment
consists of a paraffin-coated cylindrical cell, with diameter
of 2.5 cm and length of 7.5 cm, containing isotopically
enriched 8’Rb vapor. Two spatially separated optical beams
(channels) emitted from a diode laser operating at the D1
line, labeled as CH1 and CH2, propagate along z direction
in an atomic vapor cell. In each channel, a strong right-
circularly polarized control and left-circularly polarized
weak probe are completely overlapped and form the A-type
electromagnetically induced transparency (EIT) configura-
tion [39—41] immune to Doppler broadening, creating a
collective spin wave p;, (ground-state coherence). A

coherence-preserving environment, offered by the antire-
laxation coating inside the cell, ensures the dissipative
coupling between spin waves in different channels at a rate
I', via random atomic motion and wall bouncing. CH2’s
control is resonant with the transition |1) — |3) while a red
detuning Ay < 0 is applied on CHI’s control by using
acoustic-optical modulators. Both probe fields are nearly
resonant with transition |2) — |3).

Given the A-type EIT in a configuration with Zeeman
sublevels, we add an oscillating magnetic field B, cos(wpt)
to the static field B, along z axis, leading to the periodically
driven Zeeman levels. Floquet theory predicts a series of
sidebands in frequency space with weight factors
Jm(6g/wg). Here 7, (x) is the Bessel function of the
first kind of order m with the modulation depth o = yB;
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and the gyromagnetic ratio y. As illustrated in Fig. 1(b), a
time-periodic modulation forces a quantum state in each
spatial channel dressed by all harmonics of the driving
frequency, and the different harmonics—which manifests
as the sidebands (n = 0, 1,2, ...) of the atomic spin waves
—corresponds to a synthetic dimension in the frequency
(time) domain, in addition to the existing spatial dimension.
As we show below, such a method could enable the creation
and manipulation of a dissipative coupling between two
arbitrary Floquet atomic sidebands emerged in two spa-
tially separated optical channels in an unprecedented way
inaccessible with static systems.

To gain some insights, recall that for the static setting
with B| = 0, this system is governed by the non-Hermitian
Hamiltonian H = H 4 — iy o1 with [42]

y :<A0 iFC> 0
= \ir, o)

and I is a 2 x 2 identity matrix. Here, y,, is the common
decay rate of the spin waves. A is the difference of single
photon detuning for two channels as shown in Fig. 1(a).
The eigenvalues of the anti-P7 Hamiltonian (1) are

A AZ
ve = E LT (2)

which correspond to the two eigen-EIT supermodes. The
Hamiltonian H g exhibits anti-P7 symmetry [33,42]: two
eigen-EIT resonance centers coincide (but with different
linewidths) in the anti-P7 symmetry-unbroken regime
where |Ag| < 2I"., while the resonances bifurcate when
|Ag| > 2I"., a manifestation of the anti-P7 symmetry
breaking; a symmetry-breaking transition occurs at the
EP [43-45] in the parameter space with |A,| = 2T, where
the two supermodes coalesce. Clearly, by tuning |A| to be
far away from the EP, the dissipative coupling fails to pull
the two spin-wave frequencies together as a result of a
reduced efficiency of mutual coherence stimulation.
However, by applying a periodic driving to the spin
waves in the two optical channels, an anti-P7 phase
transition can be induced even though the static counterpart
is deep in the anti-P7 symmetry-broken phase, i.e.,
|Ag| > 2T... As will be shown, by choosing the appropriate
driving frequency and strength, we can realize the dis-
sipative coupling between two spin waves associated with
the Floquet band index n; and n, in CHI and CHZ2,
respectively, governed by an effective Hamiltonian,

A ir e—i(AO—n(uB)t
HF _ < . 0 eff >’ (3)
ireffez(AO—an)t nwg
with n = n; —n,. The Floquet dissipative coupling rate

[ > 0 is a function of I'., dp, and wp. Equation (3)
predicts an EP at | — Ag — nwg| = 2l .. Hamiltonian (3)

exhibits the eigenvalues

Ay + nop n \/(Ao — nwg)?

2 4 - 1—‘gff . (4)

v =

As a result, even in the regime |Ay| > 2., where the
static system is far from the phase boundary, Floquet
engineering provides a tool to realize the EP and induce
the phase transition, by choosing the appropriate value
of nwg.

To demonstrate the realization of Floquet sidebands, we
firstly create the ground-state coherence p;, in CHI1 only,
while probing the dissipatively coupled spin wave due to
the atomic motion in CH2 with the control beam off.
Figure 1(c) showcases one example of the EIT spectra at
wp = 3.1 kHz. Red, blue, and green peaks correspond to
carrier, first, and second order of Floquet bands dissipa-
tively transported from CHI, respectively. As shown in
Fig. 1(d), at various modulation frequencies wg, we extract
the multiple EIT peak heights, which are well fitted with a
function « a 72 (k/wg) (m = 0, 1, 2) correspondingly. We
thereby conjecture that the Floquet coupling rate is propor-
tional to |7,,(6g/wg)| if the mth-order band partici-
pates [35].

We proceed to identify the presence of the Floquet
dissipative coupling between collective spin waves asso-
ciated with sideband index n; and n,, respectively, in CH1
and CH2, which is guaranteed by switching on both control
and probe in each optical channel. We consider the simplest
case with n;—n, =1. We consider the case of
Ay = —3.05 kHz: although the associated static system
is in the symmetry-breaking phase, by adding a periodic
drive with wg ~ |Ay|, we observe the Floquet dissipative
coupling efficiently between EIT carrier signal in CH1
(yellow) and negative-first-order signal in CH2 (violet), as
displayed in Fig. 2(a). As a benchmark, with only one
channel on, the EIT spectra of uncoupling situation is
measured and shown in Fig. 2(b). Their centers are offset
from each other, whose separation ¢ is almost the same as
the detuning |Ay| — wz = 50 Hz. As shown in Fig. 2(a),
when both channels on, two EIT spectra with n; —n, =1
overlap due to the Floquet dissipative coupling. This is a
manifestation of the synchronization of spin in different
sidebands due to atomic motion.

Moreover, by varying |Ag|, the evolution of the super-
omodes of Eq. (3) in the parameter space is revealed.
Figure 3(a) shows the EIT peak separation with n; = 1 and
n, = 0 as a function of |A,|. Remarkably, we observe an
anomalous transition between the symmetry-unbroken
phase and the symmetry-breaking phase at |Ag| = wp +
50 Hz with wp = 3 kHz, although the static counterpart is
deep in the broken phase (red curve).

In addition, we observe the expected oscillating term
e~i(Bo=nw5) in Eq. (3) which is examined by reading out
frequencies of beating pattern in the EIT spectra with
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FIG. 2. Transmission spectra of output probe light in anti-P7
symmetric optics under a time-periodic drive. Coupled and
uncoupled EIT spectra are plotted in (a) and (b), respectively.
Uncoupled EIT spectra with I', = 0 are separately measured from
CHI and CH2, by keeping the control and probe on in a single
channel and fully blocking the light beams in the other one. Here,
red detuning |Ay| = 3.05 kHz > T'.. The modulation frequency
is set to be wy = 3 kHz; thus |Ay| — wz = 50 Hz. Insets indicate
the area of interest, corresponding to EIT carrier signal in CH1
and negative-first-order in CH2. Note that EIT spectra is shifted
about 100 Hz due to the Stark effect. The experimental para-
meters here are control powers of 150 pW.

various Ag but a fixed wp. This beating results from the
redistribution and mixing of the two spin waves precessing,
respectively, with e~ and e~""“» in a common rotating
frame coherently within the entire vapor cell. As illustrated
in Fig. 3(b), we find the beating frequency exactly equals to
AO — Wp with n = 1.

Thanks to the high resolution of the phase-transition
threshold [42], T'.;+ can be extracted from the EP location
(| = Ap — nwg| = 2T ) at the hertz level. Under a fixed
modulation depth 65, EPs’ locations are recorded at various
modulation frequencies wp. Figure 4(a) plots the deduced
effective coupling rate ', as a function of wg, in good
agreement with the expected function (blue solid line):
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FIG. 3. Anomalous anti-P7 symmetry phase transition assisted
by Floquet dissipative coupling. (a) Measured EIT separation o at
varying |Ay| with Floquet band index n; = 1 and n, = 0, far
from the static phase-transition threshold Ay =2I.. As a
comparison, the blue curve represents the EIT peak separation
in the static counterpart with B; = 0. (b) The beat frequency as a
function of |Ay| — wg. The input power of the control beam in
both channels is 250 pW in the experiment.

This manifests that the ground-state coherence amplitude in
each channel is tailored by multiplying |7, (65/wg)|, and
flying atoms carrying such spin coherence establish the
dissipative coupling between two channels via thermal
motion, corresponding to the bare rate I'.. I'. =93 Hz is
extracted from the numerical fit. More details can be found
in the Supplemental Material [35]. As the main result of
this work, it allows us to manipulate the dissipative coup-
ling with an addition degree of freedom, i.e., Floquet bands.

Having acquired the full information of Floquet dis-
sipative coupling, we take a further step by applying to the
nth-order Floquet EP transition in order to verify the
capability of our approach. Essentially, given the initial
detuning |A,| the nth-order process can be triggered by
satisfying the condition wp = |Ay|/n, wherein the +nth-
order collective spin wave in CHI1 is dissipatively coupled
to the carrier in CH2 through the thermal motion of atoms.
Figures 4(b) and 4(c) show the experimental observation of
EP transitions for analog two- and three-photon processes
by setting the modulation frequency wz = 1.5 and 1 kHz,
respectively. Remarkably, by choosing the proper modu-
lation depth, i.e., modulation strength, we can ensure the
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FIG. 4. Realizing the highly controlled Floquet dissipative coupling. (a) Dissipative coupling rate I'. as a function of modulation

frequency wjp. Solid line shows the numerical fit with a function « |7 (6z/wp)T 1 (85/@g)

, 6 ~ 4.3 kHz. The data points are obtained

from the EP location. (b) Floquet assisted anti-P7 symmetry phase transitions mediated by the dissipative coupling between different Floquet
sidebands [n; = 2; n, = 0 in (b)] and [n; = 3; n, = 0 in (c)]. Proper driving strengths are chosen to ensure the similar EP locations
[[etf =43 Hz in (b) and 'y = 45 Hz in (c)] for the dissipative coupling between two Floquet sidebands n, and n, with n; — n, = n.

same EP locations for the coupling of two Floquet side-
bands with n; —n, =n, about 20y = |Ag| — nwg ~
45 Hz with n = 2, 3, indicating the high controllability
of Floquet dissipative coupling in a direct observation. Note
that we directly observe CH1’s and CH2’s EIT peak
locations experimentally, rather than the eigenmodes.
Compared to the separation of the eigenmodes, directly
observed frequency separation as a function of detuning
|Ag| is less sharp at EP. More details can be found in the
Supplemental Material [35].

In summary, we have realized highly controllable
Floquet dissipative couplings by periodically driving spa-
tially separated thermal atomic ensembles. We show that a
phase transition across an EP can be induced in an anti-P7
system, initially deep within the symmetry-broken phase.
The locations of this Floquet EP, moreover, can be flexibly
tuned. In contrast to recent works on exceptional points in a
Floquet driven atoms or ions with tunable losses, which
feature local dissipation, e.g., local population loss [46], we
realized the Floquet engineering of nonlocal dissipations in
the form of dissipative couplings for atoms, and demon-
strated for the first time the possibility of easy engineering
complex dissipative connectivity in a setting where the
synthetic (frequency) dimension is complemented by a real
dimension. At present, there are significant interests in
using dissipative couplings as the building block for
realizing various non-Hermitian phenomena [47-51].
Our work not only offers an alternative route to the
common approach based on static setups, it also paves
the way for realizing non-Hermitian Floquet topological
spectra and phases with no static analogs, including the
Floquet EP geometry and skin effects as well as Floquet
non-Hermitian topological arrays in the combined space-
time domain, in quantum systems.
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