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Induced Coherence via Spontaneous Four-Wave Mixing in

Atomic Ensembles

Jiho Park, Heonoh Kim, and Han Seb Moon*

Induced coherence was first demonstrated three decades ago in a
proof-of-principle experiment using entangled photons from spontaneous
parametric down-conversion in nonlinear crystals. This phenomenon is
considered an interesting instance of complementarity, which lies at the heart
of quantum optics. Here, the first demonstration of induced coherence across
two coupled interferometers based on spontaneous four-wave mixing (SFWM)
in two independent hot-atomic-vapor-based entangled photon sources is
reported. When both the pump and coupling lasers are split and interact with
two warm ®’Rb atomic ensembles, single-photon interference is observed
between the two idler photons of the narrowband photon pairs, generated via
SFWM from the two cascade-type atomic systems. Furthermore, it is found
that the phase memory effect arises from the phase of the bidirectional
counter-propagating pump and coupling lasers, respectively. This work takes
an important step toward the transition to the era of quantum optics being

driven by atomic ensembles from solid-state systems.

1. Introduction

Since single-photon interference between two independent spon-
taneous parametric down-conversion (SPDC) photons was first
experimentally demonstrated based on the indistinguishabil-
ity of interferometry paths,!!) induced-coherence experiments
in the context of single-photon interference have continued to
arouse fundamental research interest.?] Currently, experimental
schemes based on path-entangled photons use the induced quan-
tum coherence of the SPDC photon pairs generated from two
distinct nonlinear crystals, where the induced coherence results
from the erasure of the which-path information of their conju-
gate photons.3-1 Recently, the induced-coherence concept has
been extended to nonlinear interferometers,[''3] entanglement
of two spatially separated atomic ensembles,['* quantum imag-
ing with undetected photons, the complementarity principle, and
quantum spectroscopy.!'>-22!

Meanwhile, over the last decade, photon sources from warm
atomic ensembles have been intensively studied.[?*2%] Recently,
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researchers have evinced interest in spon-
taneous four-wave mixing (SFWM) from
atomic ensembles, a nonlinear optical
process in which pump and coupling
photons are incident onto an atomic en-
semble and spontaneously generate a pair
of correlated signal and idler photons,
which can be entangled in terms of en-
ergy, momentum, and polarization.3*-34
In particular, along with their application
in fundamental quantum optics experi-
ments, narrowband SFWM photons from
atomic ensembles have been used for the
experimental realization of quantum optics
concepts involving quantum memory for
information storage and processing, quan-
tum communication, and long-distance
quantum networks. Recently, bright and
robust  hot-atomic-vapor-based SFWM
sources®*3* have been used to demon-
strate key quantum optics experiments
such as Hong—Ou-Mandel (HOM) interference, Franson inter-
ference, and entanglement swapping.[3>-38]

Although the SFWM source obtained from an atomic en-
semble offers the advantages of a long coherence time and
strong atom-photon interaction, the abovementioned induced-
coherence experiments have been experimentally demonstrated
with SPDC from identical nonlinear crystals with a single pump-
ing laser.'>22] To the best of our knowledge, no study has re-
ported on an induced-coherence experiment with SFWM pho-
tons from atomic ensembles. Here, we note that single-photon
interference via induced coherence between narrowband SFWM
photons from two independent atomic ensembles is interesting
because of the long coherence length and the phase memory ef-
fect caused by independent pump and coupling lasers.

In this paper, for the first time, we experimentally demon-
strate induced coherence between both the signal photons of
SFWM photon pairs generated from two distinct hot atomic va-
pors using a coupled Mach-Zehnder interferometer. In our sys-
tem, the continuous wave (CW)-mode time—energy entangled-
photon-pair sources are generated via the SFWM process and the
collective two-photon coherence effect of a Doppler-broadened
cascade-type atomic ensemble. Because the coherence length
of the SFWM photons from the atomic ensemble is signifi-
cantly longer than that of the SPDC photons, we can observe
the single-photon and two-photon interferences of the SFWMs
with induced coherence at a path-length difference of 0.5 m. Fur-
thermore, we investigate the phase memory effect due to the
phases of the counter-propagating pump and coupling lasers,
respectively.
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Figure 1. Schematic of the experimental setup for induced coherence based on spontaneous four-wave mixing (SFWM) from two independent warm
atomic ensembles (M: mirror; BS: beam splitter; PBS: polarizing beam splitter; ND: neutral density filter; PS: phase shifter; SPDs: single-photon

detectors).

2. Experimental Configuration for Induced
Coherence based on Spontaneous Four-Wave
Mixing from Two Independent Warm Atomic
Ensembles

Figure 1 shows the experimental configuration used to realize
induced coherence between SFWM photon pairs emitted from
two ¥ Rb atomic vapor cells (Atom1 and Atom2) coherently in-
teracting with the pump and coupling fields. In our experi-
ment, the 5S,,~5P;,~5Ds), transition of *Rb was used as a
cascade-type atomic system. The total optical frequency of the
pump and coupling fields satisfied the conditions for the two-
photon resonance of the 58, ,-5P;,~5D; , transition. We pre-
pared twin photon pairs in two independent Doppler-broadened
atomic systems, wherein the signal (S1 and S2) and idler (I1
and 12) photons were generated and counter-propagated from
two atomic vapor cells. Two 12.5 mm long vapor cells con-
taining the ¥RD isotope were installed in three-layer p-metal
chambers to reduce the influence of external magnetic fields. The
temperatures of the two vapor cells were stabilized to ~53 °C. The
pump- and coupling-laser powers were 0.02 and 0.3 mW, respec-
tively, and the polarizations of both lasers were perpendicularly
linear.

In our setup, for each atomic ensemble, the signal and idler
photon pairs are propagated at a tilt angle of 1.5° relative to the
pump and coupling beam-path axes, respectively. The correlated
signal and idler photons are perpendicularly linear-polarized cor-
responding to the horizontal and vertical polarization (H/V) ba-
sis, respectively. The S1 photons from Atom1 completely over-
lap with the S2 photons and are detected at SPD2 after passage
through Atom?2. Because the signal photons are emitted as a re-
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sult of the 5P;,-5D5, excited transition, it is very unlikely that
the S1 photons will be absorbed by Atom2. Both signal photons
from the twin atomic ensembles are indistinguishably detected
by SPD2.

Meanwhile, both idler photons I1 and 12 from the two inde-
pendent hot-atomic-vapor-based entangled photon sources come
together at the beam splitter (BS) of the two coupled interferom-
eters. Path-length difference Ax of the interference arm of I1 can
be varied in steps of 0.1 pm with the use of a translator stage.
Intuitively, the relative phase relation between photons I1 and 12
emitted from two independent atomic vapor cells is not defined.
Furthermore, in the case of CW-mode photons, the temporal in-
formation of the photon is not known by a single SPD; however,
the relative time delay from the measured time of a photon at
SPD1 to the coincidence measurement at SPD2 is well defined.
When the coincidence temporal mode between the twin CW pho-
ton pairs emitted from the two separate atomic vapor cells over-
laps, we can observe both the coincidence interference fringe by
means of the two SPDs and the first-order interference between
I1 and 12 by means of SPD1.

To investigate how each phase of the independent coupling
and pump lasers is preserved in an induced-coherence experi-
ment based on the SFWM process, we used two phase shifters
PS1 and PS2 (quartz crystals with a thickness of 2.09 mm) to ex-
amine the phase memory effect of the coupling and pump lasers,
respectively. According to the angles of PS1 and PS2, we can in-
dependently change the two phases of the coupling and pump
lasers interacting with Atom?2.

The bright and robust SFWM source from a Doppler-
broadened cascade-type atomic ensemble is due to the collec-
tive two-photon coherence of the Doppler-broadened atomic
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Figure 2. Temporal statistical properties of twin photon pairs. a) Independent optical paths of the two photon pairs from Atom1 (SFWM1) and Atom2
(SFWM2). b) Coincidence detection histograms (cross-correlation functions) between signal and idler photons for SFWMT1 (red curve) and SFWM2

(blue curve).

ensemble with the two-photon resonant interaction of the co-
herent pump and coupling fields. Maxwell-Boltzmann velocity
distribution in a warm vapor can be coherently excited owing
to the Doppler-free two-photon resonant configuration using the
counter-propagating geometry of the contributing two fields in
the 58, ,-5P; ,-5D;, transition of ' Rb.1*’) With the use of the
counter-propagating geometry of the two contributing coupling-
pump pairs (Figure 1), the Doppler-distributed moving atoms in
the twin atomic ensembles can be coherently superposed owing
to the collective two-photon coherence effect.

Figure 2a shows the optical paths of the two photon pairs from
Atom1 and Atom2. Two BSs are used to divide the coupling and
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pump lasers into two counter-propagating geometries for the two
SFWMs. The pump and coupling lasers are propagated along the
two pathways to Atom1 and Atom?2, respectively. The generated
signal and idler photons are spatially separated from the pump
and coupling lasers. In our experiment, the counting rates of the
signal and idler photons were measured to be ~170 kHz, and the
coincidence counting rate of the photon-pair was obtained to be
~20 kHz with a coincidence window of 3.5 ns.

The temporal mode matching of the independent photon pairs
is important for obtaining induced coherence based on SFWM
in the two independent warm atomic ensembles. We measured
the temporal statistical properties of the collective photons in
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Figure 3. Single-photon and two-photon interferences with induced coherence resulting from SFWM in two atomic ensembles. a—c) Single-photon and
d-f) two-photon interferences of SFWMs across different length scales. Normalized single-photon and two-photon counting rates plotted for various
path-length differences ((c) and (f)); the areas represent the full interferograms of the oscillatory interference fringes.

the two atomic ensembles of the warm ¥ Rb vapor cell, as shown
in Figure 2b. The red and blue curves in Figure 2b denote the
coincident detection histograms of the twin photon pairs emit-
ted from the two atomic vapor cells as a function of 7, i.e., the
relative delay of the idler photons measured by SPD1 relative to
the signal photons measured by SPD2. The measured temporal
shapes of both cross-correlation functions are nearly identical.

3. Interferences with Induced Coherence Resulting
from SFWM in Two Warm Rb Ensembles

Next, we consider the monochromatic coupling and pump fields
to describe the SFWM-based induced coherence from the atomic
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ensembles. The single-photon interference of the SFWM for the
idler photons at SPD1 in Figure 1 is expressed in the form!!?]

(ala;) ~ |K|* [1+ 7]t cos(Ag, + Ag, — Ap))] 1)

where af and g, denote the creation and annihilation operators
of the total idler photon at SPD1. Moreover, K, y, and ¢ denote
the amplitude coefficient of the SFWM photon generation rate,
degree of induced coherence, and transmittance of the output of
S1 to the input mode of S2 at Atom2, respectively. Parameters
Ag, and Ag_ denote the phase shifts of the pump and coupling
lasers for the SEWM of Atom2, respectively. Finally, Ag; denotes
the phase change of Ax of the idler mode via the SFWM from
Atom1.

Figure 3 shows the single-photon interference with SPD1 and
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the interference by measuring the coincidence count between
SPD1 for the idler photon and SPD2 for the signal photon,
resulting from the SFWMs in two independent Doppler-
broadened cascade-type atomic ensembles with induced coher-
ence across the two coupled interferometers. When both signal
modes (S1 and S2) are aligned to be indistinguishable at Atom?2,
we can observe the interference fringe between idler photons I1
and 12 emitted from the two SFWMs of the atomic ensembles
as a function of the path-length difference Ax of the I1 mode.
Figure 3a,d depicts the single-photon interference with the visi-
bility of 0.41 obtained at SPD1 and the two-photon interference
with the visibility of 0.99 obtained at SPD1 and 2, respectively.
The visibility of the two-photon interference is remarkably close
to the theoretical limit for our setup, and it indicates a perfect
indistinguishability of two-photon amplitudes in coincidence de-
tection.

However, the visibility of the single-photon interference, cor-
responding to the degree of induced coherence, is relatively
lower than that of the two-photon interference.”) Under the non-
collinear condition of the SFWMs from the two spatially sepa-
rated atomic ensembles, it is very difficult to completely overlap
the spatial modes of both SFWM photons because of the di-
vergence properties of the SFWM process. Other cause is due
to the uncorrelated photons, such as fluorescent photons pro-
duced by warm atoms. These photons appear randomly and do
not produce interference fringes, but have a background offset
that can be eliminated by performing coincidence counting mea-
surements. Nevertheless, our experimental result is clear proof
of the induced-coherence effect based on SFWM in warm atomic
ensembles.

Because the coherence length of the photons from the warm
atomic ensembles is considerably longer than that of the SPDC
photons, the visibilities of the interference fringe do not change
in the Ax range up to 100 pm, as shown in Figure 3b,e. In Fig-
ure 3c¢.f, the normalized counting rates across different length
scales up to sub-meter level are demonstrated. To observe the
full interference pattern over the range of the induced-coherence
length, we discontinuously moved the position of the mirror with
the translator stage from the balanced to the noninterfering posi-
tion in increments of 25 mm. The envelope of the single-photon
interference is in exact agreement with that of the coincidence
measurement. The coherence length of the single-photon was
estimated to be ~0.5 m from the spontaneous emission time of
1.9 ns of the collective photons represented by the curves in Fig-
ure 2b. The interference is visible for Ax up to 0.5 m. Here, the en-
velopes of Figure 3c,f are considered to be Gaussian, correspond-
ing to the spectral properties of the detected photons because of
Doppler broadening in the two warm atomic vapor cells.

The quantum mechanical explanation of the induced-
coherence experiment is based on the indistinguishability of
the interferometry paths. In our system, we used SFWM-based
photon-pair sources via collective two-photon coherence from
two warm atomic ensembles. The question is whether emis-
sions were induced in our experiment. To distinguish between
quantum-induced coherence and classical-induced emission,
we investigated the visibility (V) of the interference according
to transmittance amplitude ¢ from the output of S1 to the input
mode of S2 at Atom2. A variable neutral density filter was used to
experimentally vary t. Figure 4 depicts the experimentally mea-
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Figure 4. Single-photon interference visibility. The transmission coeffi-
cient is varied with a variable neutral density filter placed between Atom1
and Atom2. The solid circles denote the experimental results and the error
bars represent the standard deviation for several measurements. The red
solid line indicates the fitting result.

sured visibility of single-photon interference with respect to .
The visibility of the single-photon interference is expressed as
follows!*]

1+,
1+ t2n,

Vet 2)

where #i; denotes the S1 mean photon number from Atom1 in-
jected into Atom2. In the case of #; < 1, we can describe the
visibility as linearly proportional, i.e., V « t. In the single-photon
regime, the probability of occurrence of stimulated four-wave
mixing in both atomic ensembles is negligible. Upon linearly fit-
ting the red solid line to the experimental results, we observe that
the agreement between the experimental data and the linear fit-
ting line is very close, clearly indicating the induced coherence
without stimulated emission resulting from SFWM in the atomic
ensembles

4. Phase Memory of the Coupling and Pump Lasers
in SFWM-Based Induced-Coherence Experiment

Another feature of interest is the degree to which the phase of
the pumping laser is preserved in such an induced-coherence ex-
periment. In the SFWM process of a cascade-type atomic ensem-
ble, both the coupling and pump lasers are used for collective
two-photon coherence. Although the generated signal and idler
photons via SFWM from an atomic ensemble are thermal pho-
tons with random phase, the two-photon coherence length of a
photon-pair is determined as the spectral width of two-photon
absorption, including the linewidth of the pump and coupling
lasers.3%] In the SFWM-based induced-coherence experiment, to
investigate the phase memory effects of the pump and coupling
lasers, we measured the single and coincidence counts accord-
ing to both phases (PS1 and PS2) of the coupling and pump
lasers for Atom?2. The single counting probability (N) at SPD1 as

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advquantumtech.com

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

-
o

[2]
<
>
Q08
© [ ] [ ] »
(] *
E)O'S» f\& §"§ H% L1 f
n ‘ 8 § X3
Boat QiF ed 3 °
o L )
% possiet® L i. é Ci .f <
go02f
S
ZOO 1 1 1 1 1
1 2 3 4 5 6
Tilt angle of PS1 (°)
(a)

o 10
<
=}
Q 08}
o PO
° 'Y 99 °
AT LR
(2]
804%5} R ¢ %i% §§§ i
N - - o',.?§§§¢o§
S 02}
S
ZOO 1 1 1 1 1

0 1 2 3 4 5 6

Tilt angle of PS1&2 (°)
(c)

www.advquantumtech.com

1.0

0.8+

0.6

0.4+

0.2+

Normalized coincidence counts

OO 1 1 1 1
0 1 2 3 4 5 6

Tilt angle of PS1 (°)
(b)

0.6

0.4

0.2

Normalized coincidence counts

0.0 . . | . .
0 1 2 3 4 5 6

Tilt angle of PS1&2 (°)
(d)

Figure 5. Phase memory of the coupling and pump lasers in SFWM-based induced-coherence experiment. Normalized a) single and b) coincidence
counts as a function of the tilt angle of PST corresponding to the phase shift of the coupling-laser for SFWM from Atom2. Normalized c) single and d)
coincidence counts as a function of both the tilt angles of PS1 and PS2 corresponding to the summation of the two-phase shifts of the coupling and

pump lasers for SFWM from Atom?2.

a function of the tilt angle (6) of PS1 and PS2 can be expressed as
follows

N@) = No{ L+ Vcos [27”%1 (0) =)+ 2Z (9 (0) - ) + (ﬂo] }
c P

d

cos [sin~! (ng/nsin 6)]

Fpsi(2)(0) = (3)

where N, denotes the maximum counting probability;
4.(776 nm) and 4,(780 nm) are the wavelengths of the cou-
pling and pump lasers, respectively; g(0),; and g(0),, are
the optical path lengths of PS1 and PS2 with thickness d and
refractive index n, respectively; n, is the refractive index of air;
and ¢, is the arbitrary phase offset.

Figure 5a shows the normalized single-photon and coinci-
dence counts as a function of the tilt angle of PS1 when the angle
of PS1 is rotated in steps of 0.09° with the use of a rotatable stage
and that of PS2 is fixed. We measured the interference fringes
with a visibility of 0.41 for normalized single counts at SPD1.
The calculation parameters of Equation (3) for the theoretical re-
sult (red solid curve) of single-photon interference are V= 0.41,
t = 2.09 mm, n = 1.5387, ¢,= 0.89x, and A.= 775.98 nm.
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Simultaneously, we measured the coincidence counts, as shown
in Figure 5b. The calculation parameters with V = 0.99 for co-
incidence measurement are the same as those for single-photon
interference, except for visibility.

Next, when both angles of PS1 and PS2 are rotated, we can
observe interference fringes with double the period, as shown in
Figure 5c,d for single and coincidence counts, respectively. Upon
calculating the theoretical curves using Equation (3) for wave-
lengths of 4. =775.98 nm and 4,=780.24 nm, we find that the ex-
periment results closely agree with the theoretical ones. Although
the optical paths of the coupling and pump lasers are separated
in the interferometry setup for SFWM-based induced coherence,
we confirmed the phase memory effects of both the coupling and
pump lasers owing to induced coherence based on SFWM in the
warm atomic ensembles.

5. Conclusion

We experimentally demonstrated SFWM-based induced coher-
ence across two coupled interferometers with photon pairs gen-
erated via collective two-photon coherence in Doppler-broadened
cascade-type ¥Rb atoms. We observed single-photon interfer-
ence between the two idler photons of the narrowband photon
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pairs via SFWM in two cascade-type atomic ensembles. The co-
herence length of our SFWM-based induced-coherence experi-
ment corresponded to 0.5 m, i.e., the coherence length of the
photons emitted from the atomic ensemble. In our system, the
phase memory effects due to the phase difference of the bidirec-
tional counter-propagating pump and coupling lasers were mea-
sured by independently controlling the two phase-shifts of both
lasers for collective two-photon coherence in warm atomic en-
sembles. We believe that the long induced-coherence effect via
SFWM from atomic ensemble can be applied to various quan-
tum optics applications such as quantum imaging, nonlinear in-
terferometry, and quantum spectroscopy.

Acknowledgements

The authors are grateful to S. K. Lee for fruitful discussions. This work was
supported by the National Research Foundation of Korea (NRF) (grant
nos. NRF-2021R1A2B5B03002377 and NRF-2020M3E4A1080030) and the
Ministry of Science and ICT (MSIT), Korea, under the aegis of the Infor-
mation Technology Research Center (ITRC) support program (IITP-2021-
2020-0-01606) supervised by the Institute of Information & Communica-
tions Technology Planning & Evaluation (IITP).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Research data are not shared.

Keywords

induced coherence, phase memory, spontaneous four-wave mixing, warm
atomic ensemble

Received: April 27, 2021
Revised: May 26, 2021
Published online:

[11 X.Y.Zou, L. ). Wang, L. Mandel, Phys. Rev. Lett. 1991, 67, 318.

[2] W. P. Schleich, in Optics in Our Time (Eds: M. D. Al-Amri, M. M. El-
Gomati, M. S. Zubairy), Springer, Netherlands 2017.

[3] L.J. Wang, X. Y. Zou, L. Mandel, Phys. Rev. A 1991, 44, 4614.

[4] A.V.Belinsky, D. N. Klyshko, Phys. Lett. A 1992, 166, 303.

[5] X.Y.Zou, T. Grayson, G. A. Barbosa, L. Mandel, Phys. Rev. A1993, 47,
2293.

[6] T. P. Grayson, |. R. Torgerson, G. A. Barbosa, Phys. Rev. A 1994, 49,
626.

Adv. Quantum Technol. 2021, 2100065

7]
(8]

9]
(10]
(1
(12]

(13]
(14]

[15]
[16]
(17]
(18]
(19
(20]

(21]
(22]

(23]
(24]
(23]
(26]
(27]
(28]
(29]
(3]
(31]
(32]
(33]
(34]
(33]
(36]
(37]
(38]

(39]
(40]

2100065 (7 of 7)

www.advquantumtech.com

T. P. Grayson, G. A. Barbosa, Phys. Rev. A 1994, 49, 2948.

T. ). Herzog, P. G. Kwiat, H. Weinfurter, A. Zeilinger, Phys. Rev. Lett.
1995, 75, 3034.

A. Heuer, S. Raabe, R. Menzel, Phys. Rev. A 2014, 90, 045803.

A. Heuer, R. Menzel, P. W. Milonni, Phys. Rev. Lett. 2015, 114, 053601.
R. Z. Vered, Y. Shaked, Y. Ben-Or, M. Rosenbluh, A. Peer, Phys. Rev.
Lett. 2015, 174, 063902.

B. Chen, C. Qiu, S. Chen, ). Guo, L. Q. Chen, Z.Y. Ou, W. Zhang, Phys.
Rev. Lett. 2015, 115, 043602.

M. V. Chekhova, Z. Y. Ou, Adv. Opt. Photonics 2016, 8, 104.

G. Zhang, C. Bian, L. Q. Chen, Z. Y. Ou, W. Zhang, New J. Phys. 2012,
14, 063034.

G. B. Lemos, V. Borish, G. D. Cole, S. Ramelow, R. Lapkiewicz, A.
Zeilinger, Nature 2014, 512, 409.

A. Hochrainer, M. Lahiri, R. Lapkiewicz, G. B. Lemos, A. Zeilinger,
Optica 2017, 4, 341.

M. 1. Kolobov, E. Giese, S. Lemieux, R. Fickler, R. W. Boyd, J. Opt.
2017, 19, 054003.

M. Kutas, B. Haase, P. Bickert, F. Riexinger, D. Molter, G. Freymann,
Sci. Adv. 2020, 6, eaaz8065.

D. A. Kalashnikov, A. V. Paterova, S. P. Kulik, L. A. Krivitsky, Nat. Pho-
tonics 2016, 10, 98.

A. Paterova, H. Yang, C. An, D. Kalashnikov, L. Krivitsky, New J. Phys.
2018, 20, 043015.

S. K. Lee, N. S. Han, T. H. Yoon, M. Cho, Commun. Phys. 2018, 1, 51.
A.V. Paterova, S. M. Maniam, H. Yang, G. Grenci, L. A. Krivitsky, Sci.
Adv. 2020, 6, eabd0460.

R. T. Willis, F. E. Becerra, L. A. Orozco, S. L. Rolston, Phys. Rev. A2010,
82,053842.

D.-S. Ding, W. Zhang, S. Shi, Z.-Y. Zhou, Y. Li, B.-S. Shi, G.-C. Guo,
Optica 2015, 2, 642.

A. MacRae, T. Brannan, R. Achal, A. I. Lvovsky, Phys. Rev. Lett. 2012,
109, 033601.

C. Shu, P. Chen, T. K. A. Chow, L. Zhu, Y. Xiao, M. M. T. Loy, S. Du,
Nat. Commun. 2016, 7, 12783.

X. Li, D. Zhang, D. Zhang, L. Hao, H. Chen, Z. Wang, Y. Zhang, Phys.
Rev. A 2018, 97, 053830.

K. Li, S. Li, C. Li, Y. Cai, F. Li, Y. Zhang, Adv. Quantum Technol. 2020,
3,2000098.

K. Li, Y. Cai, J. Wu, Y. Liu, S. Xiong, Y. Li, Y. Zhang, Adv. Quantum
Technol. 2020, 3, 1900119.

T. Chaneliere, D. N. Matsukevich, S. D. Jenkins, T. A. B. Kennedy, M.
S. Chapman, A. Kuzmich, Phys. Rev. Lett. 2006, 96, 093604.

B. Srivathsan, G. K. Gulati, B. Chng, G. Maslenniknov, D. Matsuke-
vich, C. Kurtsiefer, Phys. Rev. Lett. 2013, 111, 123602.

D.-S. Ding, Z.-Y. Zhou, B.-S. Shi, X.-B. Zou, G.-C. Guo, Opt. Express
2012, 20, 11433.

Y.-S. Lee, S. M. Lee, H. Kim, H. S. Moon, Opt. Express 2016, 24,
28083.

J. Park, H. Kim, H. S. Moon, Phys. Rev. Lett. 2019, 122, 143601.

T. Jeong, Y.-S. Lee, |. Park, H. Kim, H. S. Moon, Optica 2017, 4, 1167.
J. Park, T. Jeong, H. Kim, H. S. Moon, Phys. Rev. Lett. 2018, 121,
263601.

J. Park, D. Kim, H. Kim, H. S. Moon, Opt. Lett. 2019, 44, 3681.

J. Park, D. Kim, H. Kim, H. S. Moon, Opt. Lett. 2020, 45, 2403.

J. Park, T. Jeong, H. S. Moon, Sci. Rep. 2018, 8, 10981.

H. M. Wiseman, K. Malmer, Phys. Lett. A 2000, 270, 245.

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advquantumtech.com
USER
하이라이트





