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The radio-frequency modulated electromagnetically induced transparency (EIT) in a ladder three-level system with
Rydberg state is studied. Under the influence of a fast radio-frequency field, the EIT peak splits into a series of sidebands.
When attaching a power-frequency electric field directly to the fast radio-frequency field, the odd-order sidebands of the
Rydberg-EIT oscillate sensitively with the power-frequency field. The oscillation frequency is equal to twice the power
frequency; the oscillation amplitude is monotonically increasing with the amplitude of the power-frequency field when the
change of Stark-shift is smaller than the radio frequency. Our work paves the way for measurement of power-frequency

electric field based on Rydberg atoms.
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1. Introduction

Precise measurement of power-frequency (50 Hz or
60 Hz) electric field around high-voltage equipment is impor-
tant not only to design and running status monitor of electric
equipment but also to human health and safety.!'=3] However,
traditional methods based on electromagnetic induction or op-
tical effect have obvious shortcomings in precisely measuring
power-frequency (pf) electric field. For example, they are dif-
ficult to apply to the on-site field measurement, as well as to
measure the strong electric field. Noticeably, the measurement
based on electromagnetic induction using electric field sen-
sors may cause a distortion on original electric field, and on
optical effect using optical fiber is subject to the temperature
fluctuation. [+~

Recently, Rydberg atom-based microwave electrometry
has attracted extensive attention due to its extraordinary repro-

7=201 Thus, the approach of

ducibility, accuracy and stability.|
utilizing the electromagnetically induced transparency (EIT)
and Autler—Townes (AT) splitting has the potential for a new
international standard for electric-field measurements and cal-
ibrations. On the other hand, when a radio-frequency (rf) field
is applied to the system, the Rydberg levels experience ac
Stark shifts. When the rf field increases, the energy level of
the Rydberg state is split into a series of quasi-stationary Flo-
quet bands, which generate the EIT sidebands. In the presence

of a pure harmonic ac field, only the even-order sidebands ap-
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pear (i.e., sidebands separated by even multiples of the rf driv-
ing frequency); when an additional dc field offset is applied,
the odd-order sidebands begin to emerge (i.e., sidebands sep-
arated by odd multiples of the rf driving frequency). The rf-
modulated Rydberg-EIT has been investigated and observed
in many experiments, and be applied to rf field calibration and

(21251 but has not yet been used to

polarization measurement,
the pf field measurement.
In this work, we propose a method to measure the pf elec-
tric field based on the rf-modulated Rydberg atom with EIT.
We present a detailed theoretical description and analysis of
the ac-Stark effect of the Rydberg state under both the pf-
and rf-modulation in a three-level ladder system. We first de-
rive the effective Hamiltonian of the driven system, and then
get the theoretical expression for the driven EIT by solving
the equation of the motion for density matrix and getting the
steady-state solution. Based on the effective Hamiltonian, we
theoretically show that the driven Rydberg-EIT spectra only
exhibit even-order sidebands when applying a pure ac electric
field, and the odd-order sidebands appear in the presence of the
pf electric field, which acts as a slow-varying dc-like field off-
set. In addition, odd-order sidebands will oscillate sensitively
with the pf field. With the help of the oscillation intensity and
frequency of the odd-sidebands, we can measure the ampli-
tude and frequency of the pf electric field. The sensitivity of
sidebands with respect to the pf field is analyzed, and the up-
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per bound of the amplitude of the pf field that can be measured
is given to be related to the polarizability of the Rydberg state
and driving frequency of the rf electric field. Finally, we also
give the specific measurement scheme and steps.

2. The model
2.1. Effective Hamiltonian of the system

We consider a three-level, ladder configuration system as
shown in Fig. 1, in which a weak probe laser is coupled to the
transition between the ground state |1) and excited state |2),
and the coupling laser is scanned through resonance with the
transition between the excited state and a Rydberg state |3).
In addition, an additional electric field &(¢) is applied to the
system, and its frequency with the order of tens of MHz is
much less than the relevant optical transition frequency, i.e.,
the frequency difference of the excited state and the Rydberg
state. The Rydberg state is extremely sensitive to the electric
field, the energy of the Rydberg state will be shifted in the
applied electric field due to the ac Stark effect. Because this
applied electric field is weak enough, the energy shift of the
Rydberg state can be calculated with perturbation theory. The
second-order perturbation gives the instantaneous frequency
of the Rydberg state @3 (t) = ws — a.e?(t) /2h, where ; is the
unperturbed bare frequency of the Rydberg state in the absence
of rf electric field, « is the dipole polarizability of the Rydberg

state.
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Fig. 1. (a) Schematic of the vapor cell setup for measuring EIT with
the probe and coupling beams counter-propagating through the vapor
cell. The additional (pf +rf) electric field is applied to the two electrode
plates. The transmission of the probe beam through the cell is monitored
by the detector. (b) Energy-level scheme of the driven Rydberg-EIT.
The probe laser (A,) is resonant with the ground-excited state transi-
tion, and the coupling laser (A.) is canned through the excited-Rydberg
state transition. The Rydberg state splits into a series of Floquet band
with the intervals @y under the modulation of both power-frequency
(o) and radio-frequency () electric field. At the same time, each
band experiences a slow oscillation with the power-frequency field.

Then the Hamiltonian of the system can be expressed as
A=Hy+H, ey
where

Ho = hon 1) (1] +han|2) 2| +hlos + f(0)]13)(3] ()

with f(t) = —ae?(t)/2h, and the atom-field Hamiltonian H,
in the electric-dipole approximation can be expressed as

7 . A
A =-= {Qp(eﬂwpl—i— ei®)|1)(2] —|—H.c.}

-3 [.Qc(e’i“’c’ +eln)[2) (3 +H.c.} .G
where @, and @, are the angular frequencies of the probe and
coupling laser. £, and . are the Rabi frequencies corre-
sponding to the transitions |1) <+ |2) and |2) <> |3), respec-
tively. We turn the system to the interaction picture by the uni-
tary operator U; = e~ loH(Dd7 yhich gives the interaction
picture Hamiltonian

N h i i i

Hy = _E[-Qp(eﬂwpt-i-el%t)eilwzlt|l><2|+H'C‘]
_S[Qc(e*iwcf—i—eiwe')e’ifé[%2+f(r)}dr|2><3|
—|—H.c.], “)

where a; = @, — @) and W3 = W3 — Ws.
Now we take the applied electric field as consisting of a
pf field and an ac field

gt) = Epf + Eac cos(axt), ©)

where &y = &y cos(yt) is the pf field with &y and @y being the
amplitude and frequency of the pf field, respectively. Due to
the frequency of the pf field much smaller than the rf ac fre-
quency @ with the order of MHz as well as the other system
energy scales, we can treat the pf field as a slowly varying dc-
like part under the fast ac field modulation. Thus, in the time
scale 1/w; we handle in the following, the pf field €, can be
treated as being time-static. Then

ia

e*if(gf(f)df — e (28§f+8§c)tA(t)7 (6)

where

Alt) = e 8;,1‘(’;5 (€2, sin 251 +8&y¢€ac sin (1) )

is the time-periodic term that can be expanded in a Fourier
series as A(t) = ¥, A;e!!®" with the Fourier coefficients

= o> OLEfE,
A=), % (8712)2) Ji-2k ( ;pwsac> ; (3)

k=—o0

where Ji(z) is the Bessel function of the first kind. Then the
interaction picture Hamiltonian (4) can be rewritten as

N h . . .
= —3 [Qp(e*'“’me‘“’p’)e*'ﬂmf|1><2\+H.c.]
2D (e cianeiteaantapy
1

+H.c.} , ©)

where @q = 0t&;/20 + agg, /4h is the Stark shift due to the de
field and the rf amplitude. >!]
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The analytical calculation of the spectrum with the
Hamiltonian (9) is difficult in the general case. However, we
could make the rotating-wave approximation (RWA) if these
conditions are satisfied, (i) the coupling of probe laser is much
weaker than the corresponding transition, i.e., £, < @y; (ii)
the Rabi frequency €. is weak enough compared to the fre-
quency of the rf field, i.e., Q. < ws (please note that @y is
much less than @3;). The second condition (ii) implies that
the intervals (@) between adjacent sidebands are much larger
than their linewidths (proportional to €2.), thus all the side-
bands can be treated as resolvable.*>2°! With these condi-
tions, when the probe laser is near resonance, and the coupling
laser is close to one sideband resonance, i.e., @y ~ 1 and
W = 3y — Wy, — N, we can neglect the other non-resonant
terms that oscillate rapidly, then the interaction picture Hamil-
tonian (9) just for n-th sideband can be simplified to

Hiwa = —E(QPG‘AP’|1><2|+.QC"61AC’|2><3\)+H.c., (10)
where
Al =Ac+ 0y + 105, Ac=0;— w32, Ap =0, — 1, (11)

and Q is the effective Rabi frequency of the coupling laser
for n-th sideband,

= oe2 ) (as £€
Q' =QA,, A, = Jo [ =22 ) g, P”).(lz)
c cn n k;QQ k <8hws n—2k h(!)s

Now we transform the Hamiltonian (10) back with the uni-
tary operator U = |1)(1] + e~ 4!]2)(2] 4 e~ 1(4+4c)|3) (3]
and get the effective Hamiltonian for n-th sideband as

0 @ 0
Hly = S| % 24 Qr : (13)
0 QM 2(A,+AY)

2.2. The driven electromagnetically induced transparency

From a density matrix analysis, for the n-th sideband, the

system can be described by the master equation!?”]

i 1
Y :_ﬁ[ effap]_i{r7p}7 (14)

where I' is the relaxation matrix defined by (i|I"[j) = %0;;
with % being the natural decay rate of level |i). Then we can

get the steady-state solution for py; in the weak probe limit!%3]
Qs /2
o= ————— o (15)
Va1 —14p + S AT

In general, the atoms in the medium have a nonzero ve-
locity distribution due to the temperature in typical experi-
ments. Considering that the probe beam and coupling laser are
counterpropagating, the atom moving towards the probe laser
with velocity v feels its frequency approximately upshifted by

®,v/c, meanwhile the frequency of the coupling laser that the
atom feels downshifted approximately by w.v/c. Then we can
get the Doppler averaged susceptibility x, the imaginary part
of which indicates the absorption characteristic of the medium,
by integrating over velocity

2= / iN(v)|pia]* /T

n|2
Vo1 — 14y — i@y + 73171(Ap+‘!j21‘)7/f(wp7wc)5
where N(v) = Noexp(—v?/u?)/(u\/T), pi2 is the dipole ma-
trix element corresponding to the transition |1) <+ |2), Ny is the
total density of atoms in the cell, u = \/W is the most
probable velocity with kg the Boltzmann constant, m is the

dv, (16)

mass of the atom, and 7 is medium temperature. Finally we
can get the total susceptibility by summing the contribution
from all the sidebands, y™ =¥, x, and then get the whole
driven EIT spectra.

3. Results

Now we present a specific example for the measurement
of the pf electric field based on the driven Rydberg-EIT. Con-
sidering a '**Cs three-level system: 6S;/,-6P3/,-53S/, in
a vapor cell at a controlled temperature of 300 K. The Ry-
dberg state 53S;/, is driven by an 1f field with an ac fre-
quency ms/27w = 30 MHz, which is much larger than the Ry-
dberg relaxation rate 3 with the order of tens of kHz. The
polarizability of the Rydberg state 53S;,; is o = 7 x 71.1
MHz/[V/cm]?.1?°] We also set I] = 0 and I3 /27 = 5 MHz, the
coupling Rabi frequency Q./27 = 5 MHz. The wavelengths
of probe and coupling laser are chosen at A, = 852 nm and
Ac =510 nm to induce the corresponding transitions, respec-
tively.

From the above analysis, we can see that when only the
ac field applied, i.e., & = 0, there is no odd-order sidebands in
the EIT spectra due to the effective coupling Rabi frequency
[Eq. (12)] is zero when n is odd. When both the dc-like pf
field and ac field applied, the EIT spectra presents a series of
sidebands separated by interval ;.[>!*?! Each EIT sideband is
governed by the effective Hamiltonian (13). Thus, the pf field
accounts for the emergence of the odd-order sidebands. This
is the key point of the idea to measure the pf electric field.

In Fig. 2 we show the driven Rydberg-EIT under the ef-
fect of the rf field for different combinations of pf and ac elec-
tric fields at a fixed time. We can see that when a pure ac field
applied as shown in Fig. 2(b), the Rydberg-EIT spectra only
show the even-order sidebands, which are marked by n = 2
in the blue circles, and the spacing between the adjacent side-
bands is 2ms. Meanwhile, the main peak is shifted by the Stark
shift @y, compared to Fig. 2(a) in the absence of any applied
electric field. When further applying the pf filed, as shown in
Figs. 2(c) and 2(d), the odd-order sidebands appear, marked
by n = £1. The odd-order sidebands are enhanced with in-
creasing the amplitude of pf field as can be seen by comparing
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Figs. 2(c) and 2(d). In addition, the other higher sidebands
are invisible because the effective coupling Rabi frequencies
[Eq. (12)] are too small for n > 2.
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Fig. 2. The driven Rydberg-EIT spectra with an applied electric field.
(a) EIT spectra without any applied field. (b) EIT spectra under a pure
ac field, i.e., & = 0, & = 3 V/cm, and s/27 = 30 MHz. (c) and (d)
The EIT spectra under both pf and ac fields at t = 0 with &, = 3 V/cm,
/27 =30 MHz; & = 0.2 V/cm in (c) and & = 0.4 V/cm in (d). The
peaks in the blue circles indicate the corresponding sidebands.
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Fig. 3. The driven Rydberg-EIT spectra for an applied ac electric
field with &, =3 V/cm, @s/2n = 30 MHz and a power-frequency
electric field with & = 1 V/em, ay/27 = 50 Hz at different times:
t =m/(8ay) for the solid red line, t = /(4 y) for the dashed blue line,
and r = 37/(8ay) for the dotted black line. The peak in the magenta
circle indicates the +1-order sideband.
On the other hand, the locations and magnitudes of all the
EIT sidebands will oscillate with the pf field due to the time-
period Stark shift wy in Eq. (11) and effective coupling Rabi
frequency [Eq. (12)]. However, due to the odd-order sidebands
appearing on account of pf field, we realize that the odd-order
sidebands are more sensitive to the pf field. In Fig. 3 we show
the driven EIT spectra at different times. It is shown that the
first-order sideband (n = 1) indeed changes most dramatically
with the pf field. In order to further verify this, we compare
the sensitivity of all the five visible sidebands to the pf field.
We lock the coupling detuning at the first-order sideband, i.e.,
A; = — g + 5 at t = 0 and measure the intensity of the EIT
sidebands over time. As shown in Fig. 4, the oscillation ampli-
tudes of the first-order sideband is greater than others. Hence,

we can focus on the +1-order sideband to implement the mea-
surement.

0.5

— 42 oder

— —2order; — 0 oder;
— —1 oder;

— +1 oder;

e e e

Transmission (arb. units)
e

50t

Fig. 4. Oscillation of different sidebands of the Rydberg-EIT with
€c =3 V/em, as/2w =30 MHz, & = 1 V/em, and @y /27 = 50 Hz.

To further measure the amplitude and frequency of the pf
electric field, in Fig. 5 we show the oscillation of the +1-order
sideband under different amplitudes of the pf field with the
frequencies (a) wy/27 = 50 Hz and (b) ay/27x = 60 Hz. It is
shown that the +1-order sideband oscillates with a frequency
equal to twice the frequency of the pf field. In addition, the
oscillation intensity increases with increasing the amplitude
of the pf field.

0.5 T r . r
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= 0.4l ---g=0.5V/cm
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£ o3}
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n
z 01}
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50t
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(b) —¢=0.3 V/cm
-= E():0.5 V/Cm
0.5] < g0=0.8 V/cm

Transmission (arb. units)

0.1
0

0.5 1.0 1.5 2.0 25 3.0
60t

Fig. 5. Oscillation of the +1-order sideband of the Rydberg-EIT under
different power-frequency amplitudes & with (a) wp/27 = 50 Hz and
(b) wp/2m = 60 Hz.

We also investigate the contrast of the oscillation curve
of the +1-order sideband with respect to the amplitude of the
pf field &. Here the contrast (AT) is defined as the difference
between the maximum and the minimum amplitudes of the
oscillation. In Fig. 6 we show the contrast changing with &
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under different rf frequencies for Fig. 6(a) @s/2mw = 30 MHz
and Fig. 6(b) @, /27 = 50 MHz. We can see that the contrast is
monotonically increasing with & until &y ~2 V/cm in Fig. 6(a)
and & ~ 3 V/cm in Fig. 6(b). Here we give a explanation to
the emergence of the non-monotonicity. Due to the existence
of the pf field, the Stark shift @, also changes with time. When
the change of @, is closed to the sideband interval s, the ad-
jacent sidebands will interfere each other when measuring the
EIT signal at a fix detuning. Then the non-monotonicity of
the contrast emerges. This also gives a upper bound of the pf
field amplitude that can be measured with the EIT oscillation
curves as shown in Fig. 5. Namely, the maximum change of
the Stark shift @, should be smaller than the frequency of the
ac field—the sidebands interval, which gives &y < /2fiag/ 0.

On the other hand, we can see from Fig. 3 that all the
sidebands are oscillating with the pf field. Considering the
measurement time of scanning the coupling laser in an actual
experiment, there may be some distortion in the driven-EIT
spectrum. In addition, it seems hard to fix the detuning at
the first-order sideband to measure the oscillation as shown in
Fig. 5. However, all the sidebands oscillate with the pf field,
and only appear in some special detuning separated by integer
@s. We can first fix the detuning at any peak appearing posi-
tion (even with a distortion), and can get a rough oscillation
frequency as shown in Figs. 4 and 5. Second, we can scan the
detuning just with integer oscillation periods. Likewise, we
can get the driven-EIT spectrum with the same pf field, and
then fix the detuning at the sidebands. After that, we can im-
plement the pf field measurement. Obviously, we can repeat
such a process to improve the accuracy.

0.4 0.3

2 () = |
2 0.3 =
5 502
—% 0.2 _E%
= — 0.1
& 0.1 &
< 4

0 0

0 0.5 1.0 1.5 2.0 0 1 2 3

eo (V/cm) eo (V/cm)

Fig. 6. The contrast (AT) of the oscillation of the 4 1-order sideband a
function of & with (a) @s/27 = 30 MHz and (b) @,/27 = 50 MHz.

4. Conclusion

In conclusion, we have theoretically studied the driven
Rydberg-EIT under the effect of the rf electric field in a lad-
der three-level system. When applying a slow pf electric field
and a fast ac field, the odd-order sidebands are sensitive to
the pf field. Based on the odd-order sidebands, we can im-
plement a measurement of the pf electric field. The amplitude
and frequency of the pf field can be inferred from the oscil-
lation intensity and frequency of the odd-order sidebands, re-
spectively. We also give the upper bound of the amplitude of
the pf field that can be measured. Our work paves the way for
self-calibration measurement of the power-frequency electric
field based on the Rydberg-atom EIT.

Acknowledgements

This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 12274045), the Spe-
cial Foundation for Theoretical Physics Research Program of
China (Grant No. 11647165), and the China Postdoctoral Sci-
ence Foundation Funded Project (Grant No. 2020M673118).

References
[1] Zhu W Q, Guo J, Zhang G Z, Yao D G, Zhang S Y and Qian S L 2019
Procedia Comput. Sci. 155 740-745

[2] Xiao DP,Ma Q C, Xie Y T, Zheng Q and Zheng Z L 2018 Sensors 18
1053

[3] Zhang X, Bai Q, Xia S H, Zheng F J and Chen S F 2006 Chin. J. Sci.
Instrum. 27 1433 (in Chinese)

[4] Chen F S and Bin S 2010 Semiconduct. Optoelectron. 31 202

[5] Jiang Y Z, Yang D W and Zhang F J 2014 Laser Optoelectron. Prog.
51022301

[6] Li ZY, Yuan H W, Cui Y, Ding Z and Zhao L X 2019 [EEE Trans.
Instrum. Meas. 68 1132

[71 Mohapatra A K, Jackson T R and Adams C S 2007 Phys. Rev. Lett. 98
113003

[8] Degen C L, Reinhard F and Cappellaro P 2017 Rev. Mod. Phys. 89
035002

[9] Sedlacek J A, Schwettmann A, Kiibler H and Shaffer J P 2013 Phys.
Rev. Lett. 111 063001

[10] Sedlacek J A, Schwettmann A, Kiibler H, Low R, Pfau T and Shaffer J
P 2012 Nat. Phys. 8 819

[11] Zhang L, Liu J, Jia Y, Zhang H, Song Z and Jia S 2018 Chin. Phys. B
27 033201

[12] Hao L, Xue Y, Fan J, Jiao Y, Zhao J and Jia S 2019 Chin. Phys. B 28
053202

[13] Jing M, Hu Y, Ma J, Zhang H, Zhang L, Xiao L and Jia S 2020 Nat.
Phys. 16 911

[14] Hao L, Xue Y, Fan J, Bai J, Jiao Y and Zhao J 2020 Chin. Phys. B 29
033201

[15] LiuX,JiaF, Zhang H, Mei J, Yu Y, Liang W, Zhang J, Xie F and Zhong
Z 2021 AIP Adv. 11 085127

[16] Zhang L H, Liu Z K, Liu B, Zhang Z Y, Guo G C, Ding D S and Shi B
S 2022 Phys. Rev. Appl. 18 014033

[17] LiuZ K, Zhang L H, Liu B, Zhang Z 'Y, Guo G C, Ding D S and Shi B
S 2022 Nat. Commun. 13 1997

[18] Liu B, Zhang L H, Liu Z K, Zhang Z Y, Zhu Z H, Gao W, Guo G C,
Ding D S and Shi B S 2022 Phys. Rev. Appl. 18 014045

[19] DingD S, LiuZ K, Shi B S, Guo G C, Mglmer K and Adams C S 2022
Nat. Phys. 18 1447

[20] Liu X B, Jia F D, Zhang H Y, Mei J, Liang W C, Zhou F, Yu Y H, Liu
Y, Zhang J, Xie F and Zhong Z P 2022 Chin. Phys. B 31 090703

[21] Zhang Y, Ciocca M, He L W, Burkhardt C E and Leventhal J J 1994
Phys. Rev. A 50 1101

[22] Bason M G, Tanasittikosol M, Sargsyan A, Mohapatra A K, Sarkisyan
D, Potvliege R M and Adams C S 2010 New J. Phys. 12 065015

[23] Miller S A, Anderson D A and Raithel G 2016 New J. Phys. 18 053017

[24] Jiao Y, Hao L, Han X, Bai S, Raithel G, Zhao J and Jia S 2017 Phys.
Rev. Appl. 8 014028

[25] Anderson D A, Miller S A, Raithel G, Gordon J A, Butler M L and
Holloway C L 2016 Phys. Rev. Appl. 5 034003

[26] Silveri M P, Tuorila J A, Thuneberg E V and Paraoanu G S 2017 Rep.
Prog. Phys. 80 056002

[27] Scully M O and Zubairy M S 1997 Quantum Optics (Cambridge: Cam-
bridge University Press)

[28] Gea-Banacloche J, Li Y Q, Jin S Z and Xiao M 1995 Phys. Rev. A 51
576

[29] He X H, Li B W and Zhang C X 1989 Acta Phys. Sin. 38 1717 (in
Chinese)

053203-5


https://doi.org/10.1016/j.procs.2019.08.107
https://doi.org/10.1016/j.procs.2019.08.107
https://doi.org/10.3390/s18041053.
https://doi.org/10.3390/s18041053.
https://doi.org/10.3321/j.issn:0254-3087.2006.11.017
https://doi.org/10.3321/j.issn:0254-3087.2006.11.017
https://www.semanticscholar.org/paper/Integrated-Optical-E-field-Sensor-for-Measurements-Fu-shen/167f21aeee3d670f5dfba0cb5df341db305b4cf5
https://doi.org/10.3788/LOP51.022301
https://doi.org/10.3788/LOP51.022301
https://doi.org/10.1109/TIM.2018.2864019
https://doi.org/10.1109/TIM.2018.2864019
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/PhysRevLett.98.113003
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/PhysRevLett.111.063001
https://doi.org/10.1103/PhysRevLett.111.063001
https://doi.org/10.1038/nphys2423
https://iopscience.iop.org/article/10.1088/1674-1056/27/3/033201
https://iopscience.iop.org/article/10.1088/1674-1056/27/3/033201
https://iopscience.iop.org/article/10.1088/1674-1056/28/5/053202
https://iopscience.iop.org/article/10.1088/1674-1056/28/5/053202
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://iopscience.iop.org/article/10.1088/1674-1056/ab6c49
https://iopscience.iop.org/article/10.1088/1674-1056/ab6c49
https://aip.scitation.org/doi/abs/10.1063/5.0054027
https://doi.org/10.1103/PhysRevApplied.18.014033
https://doi.org/10.1038/s41467-022-29686-7
https://doi.org/10.1103/PhysRevApplied.18.014045
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://iopscience.iop.org/article/10.1088/1674-1056/ac6dbb
https://doi.org/10.1103/PhysRevA.50.1101
https://doi.org/10.1103/PhysRevA.50.1101
https://iopscience.iop.org/article/10.1088/1367-2630/12/6/065015
https://iopscience.iop.org/article/10.1088/1367-2630/18/5/053017
https://doi.org/10.1103/PhysRevApplied.8.014028
https://doi.org/10.1103/PhysRevApplied.8.014028
10.1103/PhysRevApplied.5.034003
https://iopscience.iop.org/article/10.1088/1361-6633/aa5170
https://iopscience.iop.org/article/10.1088/1361-6633/aa5170
https://doi.org/10.1103/PhysRevA.51.576
https://doi.org/10.1103/PhysRevA.51.576
https://doi.org/10.7498/aps.38.1717

	1. Introduction
	2. The model
	2.1. Effective Hamiltonian of the system
	2.2. The driven electromagnetically induced transparency

	3. Results
	4. Conclusion
	References

