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Chiral edge currents play an important role in characterizing topological matter. In atoms, they have been
observed at such a low temperature that the atomic motion can be measured. Here we report the first
experimental observation of chiral edge currents in atoms at room temperature. Staggered magnetic fluxes
are induced by the spatial phase difference between two standing-wave light fields, which couple atoms to
form a momentum-space zigzag superradiance lattice. The chiral edge currents are measured by comparing
the directional superradiant emissions of two timed Dicke states in the lattice. Our results pave the way for

simulating topological physics in hot atoms.
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The quantum Hall effect [1] reveals a topological class of
matter that is characterized by the Chern numbers of energy
bands [2]. The chiral edge currents located at the bounda-
ries of two bulk materials with different Chern numbers are
usually measured to investigate the band topology. The
chirality of the edge currents is featured by the locking
between the direction of the currents and the (pseudo)spin
states of the edge excitations [3,4]. The chirality is robust
against local perturbations and only changes when the
energy bands go through a topological transition. Since
the edges have a lower dimension than the bulk, the edge
currents provide a convenient platform to investigate
topological physics in a higher dimension, such as the
quantum Hall effect in four dimensions [5,6]. The chirality
of the edge currents persists even when a two-dimensional
lattice is reduced to quasi-one-dimensional ribbons [7],
which has been experimentally demonstrated with ultracold
fermions [8,9] and bosons [10,11]. In those experiments,
the chiral edge currents were measured with the atomic
motions and thus were only observed at a low temperature,
where the thermal motions are negligible.

Here we report the experimental observation of the
momentum-space chiral edge currents in a superradiance
lattice [12—-14] of cesium atoms at room temperature.
The zigzag lattice that we have synthesized is similar to
the ladder structures in the experiments with cold atoms
[7,8,11] and is currently under intensive investigation
[15-18]. Different from the momentum-space lattices
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characterized by the recoil momentum of cold atoms
[17,19], the superradiance lattice is a momentum-space
lattice composed by the timed Dicke states [20] [see
Eq. (3)], which are collective atomic excitations with phase
correlations. The phase correlations can be understood as
the momenta of the collective excitations, which have
directional superradiant light emissions when they satisfy
the phase-matching condition with a light mode [20]. A
remarkable advantage of our approach is that the edge
currents are observed at room temperature. Instead of
measuring the atomic motions [8-11], the chiral edge
currents are measured by comparing the directional light
emissions from two timed Dicke states. Our study has
substantially lowered the threshold of the experimental
observation of chiral edge currents in atoms.

To highlight the physics, we introduce our basic model
with A-type three-level atoms as shown in Fig. 1(a). An
excited state |b) and a metastable state |a) are coupled by
two standing waves with different frequencies, i.e., a near-
resonant and a far-detuned standing wave with field
amplitude envelopes cos(k.x) and cos(k.x + ¢/2), where
¢/2 is their spatial phase difference and k. is the %
component of the light wave vector. The detuning between
the two standing-wave coupling fields is small enough
such that the difference between the amplitudes of their
wave vectors k. can be neglected. A probe field couples
the ground state |c) to |b). The Hamiltonian is (we set
A=1)
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FIG. 1. Schematic configuration of the experiment. (a) Atomic
levels and the near-resonant and far-detuned standing-wave
coupling fields with a relative spatial phase difference ¢/2.
(b) The configuration of the lasers. The probe and its reflected
fields (purple), the far-detuned (blue) and near-resonant (red)
standing-wave coupling fields form a box configuration in order
to satisty the phase-matching condition.
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where A, = A, +4x with A,y=vr,—w,, being the
detuning of the near-resonant coupling field frequency
v, from the atomic transition between |b) and |a). )y, is the
bare transition frequency and 4« is a spatially homogeneous
Stark shift induced by the far-detuned coupling fields,
which also induce a spatially periodic Stark shift
2k cos(2k.x 4 ). Here, k = Q7 /Ay, with Q; and A, =
Vs — wp, being the Rabi frequency and detuning of each
plane wave component of the far-detuned coupling field.
A, = v, — wy, is the detuning of the probe field frequency
v, from the atomic transition frequency w,. between |b)
and |c). Q is the Rabi frequency of each plane wave
component of the near-resonant coupling field. k, is the %
component of the probe field wave vector and x,, is the
X-axis coordinate of the mth atom. The derivation of the
Hamiltonian in Eq. (1) can be found in the Supplemental
Material [21].

By introducing

Ap—(u(.—a)b,,)/2]t|bm><Cm| —|—H.C.), (1)

atomic  excitation
operators bT = 1/y/NY, e b,){c,| and a} =
1/V/NY, e Tty Q=D a,){c,|, we transform the
Hamiltonian to momentum space, H = H; + H,,, where

H, = ZAc(a'}aJ —bih))/2+ Z[Q(ajiz}j -
J

)+ Hel, (2)
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and H, = V/NQ,(bje 14~we=@a)/2t 4 H.c.). With the
condition that Q> QI,, most of the atoms are in the

ground state |c¢), and 21; and lAajT are approximately bosonic
creation operators [12,23]. For single excitations, Eq. (2) is
a Hamiltonian of a tight-binding superradiance lattice
composed by timed Dicke states,

E e k+2]k |C1 bJ’

and|A;) = Aj‘ |G), with |G)=|cy,cs,...,cy) being the ground
state. The timed Dicke states |B;) and |A;) are phase-
correlated collective excited states that contain a single
excitation. The term “timed” indicates the phase correlations
that show the timing of the excitations in the original scheme
of Scully et al. [20]. For more excitations, as long as the
excitation number is much less than the atomic number and
there is no interaction between atoms, the physics remains
the same due to the bosonic nature of the excitations.

Each up and down triangle encloses an effective mag-
netic flux ¢ and 7 — ¢, respectively, as shown in Fig. 2(a).
We diagonalize H| in real space,

|B;)=b|G) =

H;=hn-o, (4)

where n = (h,% + h,2)/h, with h, = 2Qcos(k.x), h, =

A./2 +2kcos(2k.x +¢), and h=/h*+h:. o=
> j:X‘y,zajj' is the vector of the Pauli matrices of the
pseudo-spin-up state |a) and pseudo-spin-down state |b).
The dispersion relations in the upper and lower bands
are E,=h and E, = —h with the eigenstates |y,) =
cos(0/2)|a) +sin(0/2)|b) and |y;) = —sin(0/2)]a) +
cos(0/2)|b), where 6 is the polar angle of n. In Fig. 2(b),
we plot the dispersion (eigenenergy as a function of the
position) with the “spin texture” (¢°) denoted by the color.
An interesting correlation between the dispersion and (o)
can be easily noticed from the case when ¢ = z/2. The
eigenstates that have a positive (negative) dispersion con-
centrate on the |a) (|b)) edge.

The evolution of the momentum is determined by the
dispersion relation in Fig. 2(b), dp/0t = —0E/0x [12]. For
example, when ¢p = 7/2 and near the zero eigenenergy, the
momentum of an excitation created on the |b) sublattice
increases with time (note the negative derivative of the red
line), while on the |a) sublattice the momentum decreases.
This is the essence of chiral edge currents; i.e., excitations
on different edges or with different spin states move in
opposite directions. To quantitatively clarify this feature,
we define the chiral edge currents on the |b) sublattice
as [7]

Jy(E) = / axo(E, - E)w )R o (5)

i=u,l

where S(E; —E) is the Dirac delta function. J,(E)
characterizes the dynamics of the total momentum of
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FIG. 2. Band structure and chiral edge currents of super-
radiance lattices with different magnetic fluxes. (a) The tight-
binding lattice of the Hamiltonian H| in Eq. (2). The red and blue
arrows show the phase factors ¢ attached with the corresponding
transitions. The total phases enclosed by the loop transitions in
the up and down triangles are ¢ and 7 — ¢, respectively. (b) The
dispersion relation according to Eq. (4) with ¢ = 0, z/4, and /2.
The color shows the (o) of eigenstates and indicates which edge
the eigenstates mainly locate on. (¢) J,(E) in Eq. (5) for ¢ =0
(red line), /4 (blue line), and /2 (green line). (d) The steady
state distribution of the population |;|? in the |b) sublattice with
a probe field pumping the atoms to the site j = 0. The points are
simply connected for clarity. The decoherence rates of states |b)
and |a) are y,, = 1 and y,. = 0.1. The probe detuning A, = 0.
Q=1,k=1,and A, = 0. For ¢ = 0 and /4, the lattice can still
be excited in the gap (A, = 0) due to a finite y,,.

excitations with energy E on the |b) sublattice. We can
define a similar quantity for the |a) sublattice. However, we
only focus on J,(E) since the probe field couples atoms to
the |b) state. In Fig. 2(c), we notice that the sign of J,(E)
does not change with E for a fixed ¢. The sign becomes
negative when ¢ > 7 (see the Supplemental Material [21]).

To generate J,(E), we apply a weak probe field with
detuning A, = E + (v, — w,)/2 to pump the atoms from
the ground state to the state |Bj). The momentum of the
excitation moves in the direction determined by the sign
of J,(E) and is finally balanced by the decoherence. In
the steady state, the population distribution is plotted in
Fig. 2(d). We define f; as the probability amplitude of the
state |B;). For ¢ = 0, the distribution of |f,|* is symmetric
on the two sides of |By), in contrast to the asymmetric
distribution when ¢ = z/4 and x/2, where the population
is biased to j > 0 due to a positive J,(E).

In the experiment, we detect the superradiant emissions of
two specific timed Dicke states to show the edge currents.
The timed Dicke states with a phase correlation that
matches the wave vectors of the light in the medium, i.e.,
|k, + 2jk.| = |k,|, have directional superradiant emissions
[20]. In the current scheme where |a) and |c¢) are nearly
degenerate, the timed Dicke state |B_;) (or |B_)) is the only
superradiant state besides |B) for a probe light incident
along +X (or —%). The radiation from these two superradiant
states can be considered as the reflections of the probe fields.
We define R, as the reflectivities of the probe fields incident
along the 4-X axis. The relationship between R, and f is
(see the Supplemental Material [21])

R, Bl
R_ [P

This relation is independent of the density of the atoms, the
length of the vapor cell, and the phase mismatch.

We have used the DI line of cesium atoms in the
experiment: |a) = |65 5, F = 3), |b) = [6°Py )5, F = 4),
and |c) = |6%S;/,, F =4) (see Supplemental Material
[21]). Typical experimental results are shown in Fig. 3.
The reflection spectra depend on the phase ¢. Only when
¢ =0 and =, we observe R, =R_. For 0 < ¢ < 7w, we
observe R, < R_, which indicates a larger population in
|B,) than in |B_;), resulted from an edge current propa-
gating along +X. In contrast, we observe R, > R_ for
7 < ¢ <2z, which indicates an edge current along —=X.
The difference R_ — R, demonstrates the overall edge
current J, = [dEJ,(E)/2hpay With hy,, being the maxi-
mum eigenenergy, as shown in Fig. 3(b).

In the following, we analyze the robustness of the edge
currents against thermal motions. From Fig. 3(a), we see
that the reflection spectra are not Doppler broadened. The
nonzero region of the spectra coincides with the energy
bands of the superradiance lattice. Their scales are both
around 30 MHz. This feature of standing-wave coupled
electromagnetically induced transparency was already
found by Feldman and Feld in 1972 [24]. To understand
this, we notice that the atoms that have a Doppler shift
larger than the bandwidth are out of resonance with the
probe field no matter their positions, such that they cannot
be excited. For atoms with Doppler shift smaller than the
lattice bandwidth, they move in the real-space Brillouin
zone and their contribution to the edge currents needs
to be averaged with their positions. The chiral edge
currents induce a difference between the two reflectivities,
Ry=R_—R, < |[{f,1)]> = {B_1)|>, where () is the aver-
age over the Doppler shifts due to the thermal motions of
the atoms. To quantify the effect of the chiral edge currents
on the whole reflection spectra, we take an average of Ry,

(6)

_ 1
Ri=1 / RydA,. (7)
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FIG. 3.

Chiral edge currents demonstrated by the reflection spectra. (a) The reflectivities R, (red lines) and R_ (blue lines) with

different phases. (b) R_ — R at the center of the spectrum A, = —11(=£1) MHz (similar results at other detunings) versus the phase ¢
(dots with error bars, experimental results of ten sets of data; blue line, numerical simulation), compared with the overall chiral edge
current J, (red line). The power of each plane wave component of the near-resonant coupling field is 6.5 mW with an effective Rabi
frequency Q = 5.5 MHz. The power of each plane wave component of the far-detuned coupling field is 120 mW with an effective Rabi
frequency €2y = 33.3 MHz and a detuning A, = 200 MHz. x = 5.5 MHz. A, = 1.0 MHz. The power of each probe beam is 20 xW.
We have used y;,. = 2.3 MHz and y,. = 0.95 MHz in the numerical simulation. The differences between the simulation and experiment
are attributed to slight asymmetry in the optical alignment, an average of ¢ along the vapor cell (A¢ ~ 0.05x), and the Gaussian rather

than plane wave profiles of the coupling fields.

where F = 40 MHz is the frequency range of an integra-
tion from —30 to 10 MHz in the reflection spectra. In Fig. 4,
we show the experimental data and numerical simulation
of R, as functions of A, and ¢. For an on-site potential
difference A, ~ 0, R, is approximately a sinusoidal func-
tion of the phase ¢. This means our method can be used to
measure a phase difference between two standing waves.
For A, larger than the bandwidth, the interedge transitions
are inhibited and the effect of the synthetic magnetic field
diminishes due to the inefficient loop transitions. As a
result, R; decreases rapidly to zero when A, increases. The
results in Fig. 4 can be understood as the phase diagram
of an extended Haldane model [7], and its relation to the
dynamic classification of topological phases [25] will be
discussed elsewhere.

The results reported here are substantially different from
the temperature-independent edge currents in the photonic
lattices [26-31], where the propagation of the photons
governed by the Maxwell equations is made analogous to
the Schrodinger equation [32]. The edge states there are
photonic states rather than atomic states. The temperature
has no influence on the photons. In our current study, the
topological bands are for the atoms and they intrinsically
obey the Schrodinger equation. The thermal motions of
the atoms make a convenient average of the edge currents.
In addition, our lattice is in momentum space, in contrast to
the real-space topological photonic lattices. Although the
edge currents are detected by light in our experiment, they
are currents of collective excitations of atoms in momentum
space, not light in real space.

On the other hand, our results are closely related to the
spin-orbit coupled system [33,34] and the momentum-space

lattice [17,19] in cold atoms, with the difference that the
momentum is represented by the phase correlation of the
collective excitation, instead of the recoil momentum, which
isnegligible in our study. An extension of our model to higher
dimensions [13] can be used to simulate the Haldane model
[35,36] and the two-dimensional spin-orbit coupling [33,34].
By using Rydberg states [37,38] we can introduce inter-
actions between the excitations and study the many-body

0.036
A, _
. 0 Ry
-0.036
0.037
A, _
- 0
P R
_4 \_ Il Il 1 | _0.037
0 /2 T 3r/2 2

FIG. 4. Averaged difference between the two reflectivities in
Eq. (7). (a) Experimental data. (b) Numerical simulation. The
parameters are the same as in Fig. 3.
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effect in flux lattices [39]. An interesting connection of our
results can also be made to the unidirectional reflectionless
(invisible) photonic structures [40—43], such as the parity-
time symmetric materials [44]. We have observed that under
certain conditions one of the two reflectivities is nearly
zero while the other is big. Another observation is that the
transmissions of the probe fields in the two opposite
directions are the same, although the transmissions are phase
dependent. This is because our system does not break the
time-reversal symmetry. It is interesting to note that an
effective magnetic field in momentum space does not result
in optical nonreciprocity, while an effective electric field in
momentum space can break the time-reversal symmetry and
induce optical nonreciprocity [45]. Our study provides a new
way to measure the spatial relative phase between two light
fields that have different frequencies. The phase information
is converted to intensity signals. This can be used in phase-
contrast microscopy.
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