PHYSICAL REVIEW LETTERS 131, 133001 (2023)

Experimental Demonstration of Stationary Dark-State
Polaritons Dressed by Dipole-Dipole Interaction

Bongjune Kim®,

L* Ko-Tang Chen,] Kuei-You Chen,I Yu-Shan Chiu,1 Chia-Yu Hsu,1 Yi-Hsin Chen ,2 and Ite A. Yu®'?'

1Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan
2Department of Physics, National Sun Yat-sen University, Kaohsiung 80424, Taiwan
*Center for Quantum Science and Technology, National Tsing Hua University, Hsinchu 30013, Taiwan

® (Received 15 December 2022; accepted 1 September 2023; published 26 September 2023)

Dark-state polaritons (DSPs) based on the effect of electromagnetically induced transparency are
bosonic quasiparticles, representing the superpositions of photons and atomic ground-state coherences. It
has been proposed that stationary DSPs are governed by the equation of motion closely similar to the
Schrodinger equation and can be employed to achieve Bose-Einstein condensation (BEC) with transition
temperature orders of magnitude higher than that of the atomic BEC. The stationary-DSP BEC is a three-
dimensional system and has a far longer lifetime than the exciton-polariton BEC. In this Letter, we
experimentally demonstrated the stationary DSP dressed by the Rydberg-state dipole-dipole interaction
(DDI). The DDI-induced phase shift of the stationary DSP was systematically studied. Notably, the
experimental data are consistent with the theoretical predictions. The phase shift can be viewed as a
consequence of elastic collisions. In terms of thermalization to achieve BEC, the pm?-size interaction cross
section of the DDI can produce a sufficient elastic collision rate for the stationary DSPs. This Letter makes
a substantial advancement toward the realization of the stationary-DSP BEC.
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Diluted atomic gases were the first successful physical
systems to reach the Bose-Einstein condensation (BEC) by
cooling the bosonic atoms below the transition temper-
atures [1,2]. In such systems, particle-particle interactions
are usually weak, or their scattering lengths are typically
much less than mean particle spacings—that is the dilute-
ness. The rapid development of optical microcavities makes
it possible to realize exciton-polariton BEC in solid-state
systems [3—7]. Concerning the uses of Bose condensates,
exciton-polariton BECs are limited to two-dimensional
systems and have lifetimes comparable to or shorter than
thermalization times.

A unique platform of stationary dark-state polaritons
(DSPs) to achieve BEC was proposed in Ref. [8].
Compared with the exciton-polariton BEC system, the
stationary-DSP BEC system is three-dimensional and
has a much longer lifetime. The DSPs are bosonic particles
and represent the superposition of probe photon and atomic
coherence. They are formed by the interaction between a
weak probe pulse and atoms under the presence of a strong
coupling field based on the effect of electromagnetically
induced transparency (EIT) as depicted in Fig. 1(a). The
EIT mechanism can store the DSPs in the atoms by turning
off the coupling field, and later retrieve the DSPs by turning
on the coupling field. Furthermore, when the two counter-
propagating coupling fields are applied, the DSPs become
stationary and diffuse in the forward and backward direc-
tions [9-16].
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FIG. 1. (a) Relevant energy levels and laser excitations. States
[1), |2), and |3) form the A-type EIT system for the creation of
stationary DSPs, where Q,,;. and Q.. denote the Rabi frequencies
of the forward-backward probe and coupling fields, respectively,
and A_ = —1T". Population oscillates between |2) and a Rydberg
state |5), driven by the TPT of the fields ©, and Q, with
A, = +5T, where |4) is an intermediate state of the TPT. The
spontaneous decay rates of |3) and |4) are about the same and
denoted as I' (= 2z x 6 MHz). In this Letter, the pair of Q.. and

Q,,, that of Q._ and Q,_, and that of Q, and Q, always
maintained the two-photon resonances. (b),(c) Propagation di-
rections of the laser fields in the measurements of stationary DSPs
without and with the TPT or equivalently the DDI.
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In Ref. [8], Fleischhauer et al. showed that the stationary
DSPs are governed by the equation of motion closely
similar to the Schrodinger equation. They further proposed
utilizing a nonlinear Kerr effect to mediate the interaction
between the DSPs for thermalization to achieve BEC.
However, the proposed Kerr-type interaction is typically
too weak to make a sufficient elastic collision rate for
thermalization. Therefore, this present work aimed to
substitute the dipole-dipole interaction (DDI) between
Rydberg-state atoms for the Kerr-type interaction to make
the stationary-DSP BEC feasible.

Rydberg atoms possess strong DDI [17-21], leading to
the applications such as quantum logic gates [22-26],
single-photon sources [27-29], and strongly correlated
many-body physics [30-33]. In our earlier work, we
experimentally demonstrated a many-body system of
Rydberg polaritons based on the EIT effect [34], where
the Rydberg polariton represents the superposition of the
photon and the coherence between a Rydberg and a ground
state. Slow light arising from the EIT effect greatly
enhances the interaction time between light and matter,
which can be a couple of ps to about 10 ps in a medium of
high optical depth (OD) [11,34-36]. In the thermaliza-
tion process, the high-OD medium made the interaction
time compatible with the elastic collision rate of the
pm?2-size interaction cross section due to the DDI between
Rydberg polaritons. Hence, we observed a cooling effect in
the transverse direction of slowly propagating Rydberg
polaritons [34].

According to Ref. [34], one could create stationary
Rydberg polaritons to achieve BEC. The formation of
stationary polaritons involves the four-wave mixing
(FWM) process [9—-16]. The ladder-type transition scheme,
which typically has a very large phase mismatch in the
FWM process, is employed in the Rydberg-EIT system to
form the stationary Rydberg polaritons. However, the probe
and coupling fields had the typical wavelengths of 780 or
795 nm and around 480 nm in a Rydberg-EIT system,
resulting in an FWM phase mismatch of 10*~10° rad. Such
a large phase mismatch completely destroys stationary
Rydberg polaritons and makes the search for the Rydberg-
polariton BEC impractical.

In this study, we proposed and experimentally demon-
strated the stationary DSPs possessing the Rydberg-state
DDI. In addition to the probe and coupling fields that
formed the stationary DSP via the FWM process, two more
laser fields were applied to drive the two-photon transition
(TPT) of |2) — |4) — |5) as shown by Fig. 1(a). The TPT
generated the Rabi oscillation between the population of
the ground state |2) and that of the Rydberg state |5), as
well as between the ground-state coherence p,; and the
Rydberg coherence ps;. Owing to the existence of the
Rydberg population, the DDI resulted in the phase shift and
attenuation of the stationary DSP. With regard to the
thermalization of stationary DSPs, the DDI can lead to a

far larger elastic collision rate than the Kerr-type inter-
action. Hence, this Letter makes a substantial advancement
toward the realization of the stationary-DSP BEC.

We carried out the experiment in laser-cooled 3’Rb atoms
with a temperature of about 350 pK. Before each meas-
urement, the magnetic and laser fields for the production of
the cold atoms were switched off, and we optically pumped
all the population to a single Zeeman state. Details of the
atom cloud and the experimental procedure before the
measurements can be found in Refs. [34,37].

All the laser fields had the ¢, polarization in the ex-
periment. In the A-type EIT system shown by Fig. 1(a), |1),
2), and [3) are |58, )5, F=1,mp=1), |58, 5,F=2,mp=1),
and |5P3/2,F =2,mp =2). The EIT was driven reso-
nantly, while the fields in the forward direction (2 ot and
€., ) had nearly zero one-photon detuning, and those in the
backward direction (€2,_ and Q._) had the one-photon
detuning A_ of —1I" [10]. In the TPT system shown
by Fig. 1(a), |4) is [5P3), F =3,mp=2) and |5) is
132Ds,,,m; = 3/2 and 5/2). We made the TPT resonant
at nearly no DDI and set the one-photon detuning A, to
+5I" to make excitation to |4) negligible.

The propagation direction of Q._ was exactly opposite to
that of Q.. as depicted in Fig. 1(b). When interacting with
the atoms, Q., and Q,, propagated in the nearly same
direction with an angle separation of about 0.3° [10]. The
backward probe field Q,_, or more precisely Qp_(z, 1),
depicted in Fig. 1(a) only appeared during the stationary
DSP, and its value was nearly the same as ., (z, ) [10].
Driving the transitions of |2) — |4) and |[4) — |5), the TPT
fields with Rabi frequencies of Q, and €, counterpropa-
gated in the forward and backward directions as depicted in
Fig. 1(c). The laser beams of Q, and Q, completely
covered the region of stationary DSPs. Other details of
the experimental setup can be found in Sec. I of the
Supplemental Material [38].

We made theoretical predictions using the optical Bloch
equations of the density-matrix operator and the Maxwell-
Schrodinger equations of the probe fields. Details of the
equations and calculation can be found in Sec. II of the
Supplemental Material [38]. In our earlier works [41,42],
the predictions are in good agreement with the experi-
mental data.

We set 6, = 0 in the experiment, where J, is the two-
photon detuning in the A-type EIT system. In Ref. [43],
Tebben et al. theoretically studied a similar transition
scheme, except that the TPT is replaced by a one-photon
transition. They showed that the optimum &,, which
maximizes the stationary-DSP energy, is equal to a half
of the Rabi frequency of the one-photon transition [44]. In
our TPT case, 6, = 0 is the optimum value.

Representative data that demonstrate the formation of
stationary DSPs in the A-type EIT system are shown by
Fig. 2(a) [Fig. 2(b)] without (with) the TPT. The Rabi
oscillation between the population in |2) and that in |5)
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FIG. 2. (a),(b) Representative data demonstrate the consistency with predictions. The analysis of data and the illustration of parameters

can be found in text and in Sec. III of the Supplemental Material [38]. Black and red circles are the data of the input and output probe
pulses in the forward direction. Black line is the Gaussian best fit of the input probe pulse, and red lines are the predictions of the output
probe pulses. Blue, green, magenta, and cyan lines represent the timing sequences of the forward and backward coupling fields €., and
Q._ and the TPT fields ©, and Q. We do not plot the data before ¢ < 3 ps in (b), which are the same as those in (a). The peak Rabi
frequency of the input probe pulse, €, is 0.07I". The experimental parameters of the stationary DSP are « (optical depth) = 36,
Q. = 0.54I" during the input and output stages, Q., = Q. = 0.44I"and Q, = Q;, = 0 during the stationary DSP, y, (the ground-state
decoherence rate) = 9 x 107*I", and LA, (the degree of phase mismatch) = 0.90 rad; those of the TPT and DDI are Q, = 2.0T,
Q, = 1.6I", y (the Rydberg-state decoherence rate) = 0.020I", and A (the DDI coefficient) = 0.60I". (c) The DDI-induced attenuation
increased with the Rydberg-state population or equivalently the input probe intensity. The attenuation coefficient (i.e., the logarithm of
the ratio of input to output probe energies) without the TPT, fipsp, and the difference between the attenuation coefficients with and
without the TPT, Af (=fpsp.pp1 — Ppsp)s as functions of Qf,o. Blue and red circles are the data of fpgp and A, respectively. Based on
the above-mentioned parameters, blue and red areas are the predictions with the uncertainties due to the fluctuation of -1 in « and that of

+1 x 107*T" in y,.

(or between coherences p,; and ps;) was clearly observed
during the magenta pulse in Fig. 2(b). The consistency
between the data and the predictions is satisfactory. More
details of the data are described in Sec. III of the
Supplemental Material [38].

In the measurements of the DSPs without and with the
TPT such as Fig. 2, the Rabi frequencies Q. ,, Q._, and Q,,
the OD (a), and the ground-state decoherence rate (y,)
were predetermined [37,45,46], where the probe trans-
mission without the EIT is indicated by exp(—a) and the
decay rate of the coherence p», is represented by y . Details
of the determination methods and representative data are
presented in Secs. I and IV of the Supplemental Material
[38]. The Rabi frequency Q,;, was determined by the period
of the Rabi oscillation during the TPT. The stationary DSP
is generated by the FWM process, in which the phase
mismatch causes the energy loss [11,47,48]. The degree of
phase mismatch is given by LA, [see Eq. (S18) in the
Supplemental Material [38]]. We determined the value of
LA, by the comparison between the experimental results
and theoretical predictions. Details can be found in Sec. V
of the Supplemental Material [38], which provides more
evidence for the formation of stationary DSPs.

We varied the input probe power [38], while keeping the
pulse width and beam profile the same, and measured the
data similar to those in Figs. 2(a) and 2(b). The population
in |2), py, is about equal to |Q,,/Q.|* due to the EIT
effect. Thus, a larger input probe intensity, Q?,O, resulted in
larger p,, and pss, which produced a higher DDI strength
[34]. We determined the attenuation coefficients, fpgp and
Ppsp-ppr- as functions of Qf,o, where fpsp and fpspppr are

defined as the logarithm of the ratio of input to output probe
energies without and with the DDI, and Qio is the square
of the Rabi frequency of the input probe pulse peak. In
Fig. 2(c), the blue and red circles represent the data of fpgp
and ApS (=Ppsp.ppr — Ppsp)- Since the OD fluctuated
about 1 and the ground-state decoherence rate y, fluc-
tuated about 1 x 107*T, the predictions of fpsp and AS
are plotted as the blue and red areas.

The TPT made the population (coherence) oscillate
between [2) and |5) (between p,; and ps;), and the
population in |5) induced the DDI. We characterized the
DDI coefficient, A, which is defined as the decoherence rate
(also frequency shift) per pss [34.,41,42]. See also
Egs. (S15) and (S16) in the Supplemental Material [38]
for the definition of A. The ratio of retrieved probe energies
with and without the TPT was measured against the input
probe intensity or equivalently the peak Rabi frequency
square, Qio, as shown in Fig. 2(c). We compared the data
with the predictions to determine A = 0.60I" and yy (the
decay rate of the coherence ps5;) = 0.020I". We also
estimated the value of A, and details can be found in
Sec. VI of the Supplemental Material [38]. The estimation
gives A of 0.54I", indicating that the experimentally
determined A of 0.60I" is reasonable.

The DDI induces a phase shift of the stationary DSP, and
the phase of the retrieved probe pulse is shifted. To further
verify the creation of the stationary DSP dressed by the
DDI, we applied the TPT and measured the phase shift of
the retrieved probe pulse, i.e., the difference of the phases
with and without the atoms. The beat-note interferometer
was employed to measure the phase evolution around the
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FIG. 3. We show quantitatively that the DDI-induced phase shift during the TPT increased with the Rydberg-state population or
equivalently the input probe intensity. The analysis of data can be found in text. (a) Representative data of normalized beat-note signals,
showing phase evolutions at the peaks of the retrieved probe pulses. Circles are the experimental data, and lines are their best fits. In the
presence of the TPT (or equivalently the DDI) during the stationary DSP, red, blue, and magenta colors correspond to the peak Rabi
frequency of the input probe, €,,9, of 0.07I", 0.24I", and 0.40T, respectively. The beat-note signals of each €2, in the absence of the TPT
were measured, which serve as the reference phases. We make these three signals completely overlap and plot only one here (black color).
The experimental parameters are the same as those specified in the caption of Fig. 2. Since the DDl is negligible at €2, = 0.07T’, the phase
difference between the red and black data is mainly the result of the Rabi oscillation. On the other hand, the phase difference of +42° (or
+23°) between the magenta (or blue) and red data is the consequence of the DDI. (b) Blue circles are the data of phase shift of the
output probe pulse without the TPT, ¢pgp, and red circles are those of the difference between the phase shifts with and without the
TPT, A¢ (=¢psp-ppr — ¢psp)- The phase shifts at Q,, = 0.071" are subtracted from the data. Blue and red areas are the predictions with

the uncertainties due to the fluctuations of a and y,.

pulse peak [34,49]. The experimental parameters in the
phase measurement are the same as those in the trans-
mission measurement. In Fig. 3(a), the black circles are the
beat-note data without the TPT or DDI, which serve as the
reference for the other data. The red, blue, and magenta
circles represent the data with increasing values of Qio or
DDI strength. A larger DDI strength resulted in a larger
phase shift as expected.

We measured the phase shifts of the retrieved probe
pulses without and with the TPT, ¢psp and ¢psp.ppis
respectively, as functions of Qf,o. In Fig. 3(b), the blue and

red circles represent ¢psp and A¢ (=@psp.ppr — Ppsp)-
We subtracted the measured phase shift at Q,, = 0.07T
from the data. The subtraction removes the phase shift
contributed from the Rabi oscillation. Thus, A¢ exhibits
mainly the DDI effect. More details can be found in
Sec. VIII of the Supplemental Material [38]. Without the
DDI, ¢pgp of the stationary DSP depends on the probe
intensity a little. Owing to the DDI, A¢ depends on the
probe intensity significantly. The blue and red areas are the
theoretical predictions. In the theoretical calculation, all
the parameters are nonadjustable and experimentally pre-
determined. The consistency between the data and pre-
dictions is satisfactory, confirming that the stationary DSP
indeed possessed the DDI.

As another evidence of the stationary DSPs carrying the
DDI, we measured the DDI effect at different Rydberg
states [nDs,) with the principal quantum numbers, n, of
28, 30, 32, 35, and 38. The DDI potential energy between
two Rydberg atoms is given by Cg/r®, where Cg is the Van
der Waals coefficient and r is the distance between the
atoms. The DDI energy shift or DDI-induced attenuation
coefficient is linearly proportional to /Cy [42,50-52].

In Fig. 4, we plot the experimental data of the DDI-induced
attenuation coefficient, Afpp;, against 1/Cq, where ABpp;
is the difference between the DDI-induced attenuation co-
efficient of €,y = 0.24I" and that of €,y = 0.07T". This
Apppr can avoid any attenuation effect that depends on n,
e.g., different two-photon frequency fluctuations due to
different n’s, except the DDI effect. The values of Cg
were obtained from the programming code provided by
Ref. [53]. The experimental data of Apfpp; clearly exhibit
the linear dependence on /Cg, further confirming that the
stationary DSPs possess the DDI.

We now estimate whether the present experimental
condition is close to the observation of stationary-DSP
BEC. Details of the estimations can be found in Sec. IX of
the Supplemental Material [38]. Based on the formulas in
Ref. [8], the BEC transition temperature, 7., is about

A’B DDI

172

12 3
pm’)

¢, (MHz
FIG. 4. To further verify that the stationary DSPs carry the DDI,
we plot Apppr against +/Cg, where Afpp; is the attenuation
coefficient depending only on the DDI strength (see the illus-
tration in text) and Cg is the Van der Waals coefficient [53].
Circles are the experimental data and straight line is the best fit.
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4.0 mK, and the stationary-DSP temperature, T, is around
3.8 pK. The measured phase shift indicates that the ela-
stic collision rate, R, is approximately 33 ps~'. Under
T,<T,. such R. enables the thermal equilibrium of
stationary DSPs, and makes the BEC feasible. To observe
the BEC, we still need to build an artificial trap and produce
stationary DSPs in the quasicontinuous mode.

In conclusion, we experimentally demonstrated the
formation of the stationary DSP dressed by the DDI, using
the scheme of the A-type EIT system together with the
TPT-driven Rabi oscillation between a ground state and a
Rydberg state. The scheme overcomes the severe problem
of a large phase mismatch in the direct formation of the
stationary Rydberg polariton. As proposed in Ref. [8], the
system of stationary DSPs is the possible platform for a
three-dimensional and long-lifetime Bose condensate.
Our Letter made the stationary DSPs carry the DDI and
provided a feasible method of thermalization for the
realization of BEC.
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