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Realizing and manipulating parity-time (P7) symmetry in multidimensional systems are highly desirable
for the exploration of nontrivial physics and the discovery of exotic phenomena in non-Hermitian systems.
Finding non-Hermitian systems that still have all-real spectra even if their Hamiltonians possess only partial P77~
symmetry has also attracted tremendous attention in recent years. Here, we report the experimental observation
of partial P77 symmetry in a cesium atomic gas coupled with laser fields, where a two-dimensional partially
PT -symmetric optical potential for a probe laser beam is created. A transition of the partial P77 symmetry
from an unbroken phase to a broken one is observed through changing the beam-waist ratio of the control and
probe laser beams, and the domains of unbroken, broken, and nonpartial P77 phases are also discriminated
unambiguously. Moreover, we develop a technique to precisely determine the exceptional point location of the
partial P77 symmetry breaking by measuring the asymmetry degree of the probe-beam intensity distribution.
The findings reported here pave the way for controlling multidimensional laser beams in non-Hermitian systems
via laser-induced atomic coherence, and have potential applications for designing light amplifiers and attenuators

in different parts of laser beams.
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I. INTRODUCTION

Non-Hermitian Hamiltonians with parity-time (P7) sym-
metry can exhibit entirely real spectra [1-3], which provide
an excellent platform for uncovering exotic behaviors in
open systems and unveiling intriguing prospects of non-
Hermitian physics [4-7]. In optics, they have been realized
in various physical settings including waveguides and fiber
arrays [8—14], photonic circuits and lattices [15,16], micro-
toroid resonators [17—19], and trapped ions [20]. Among these
settings, atomic media are highly desirable for realizing P7T -
symmetric Hamiltonians due to their nice coherence property
and superiority for active manipulations on selections of
atomic levels, light absorption, gain, dispersion, nonlinearity,
and so on [21-28].

Note that, to have an all-real spectrum for a non-Hermitian
Hamiltonian, the condition of P7 symmetry is neither suf-
ficient nor necessary. When non-Hermiticity increases, the
spectrum of a P7T -symmetric Hamiltonian will become com-
plex, indicating a phase transition from an unbroken P77
phase to a broken one. At the transition point in between,
the so-called exceptional point (EP), both eigenstates and
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eigenvalues coalesce [29,30]. So far, many interesting prop-
erties and promising applications have been found for
PT -symmetric systems and EPs therein [31-52]. Moreover,
thanks to the fast developments in both theoretical and
experimental investigations on Floquet physics and nonequi-
librium thermodynamics with ultracold atoms [53-58], the
non-Hermitian Floquet systems and related EPs and skin ef-
fect have been proposed and have attracted growing attention
in the last few years [59,60].

PT-symmetric Hamiltonians, however, belong only to a
small subclass of non-Hermitian Hamiltonians that possess
all-real spectra [6]. In recent theoretical works, multidimen-
sional potentials invariant under complex conjugation and
reflection in only one direction [e.g., V*(x,y) =V (—x,y)
or V*(x,y) = V(x, —y) in two dimensions], called partially
‘P T -symmetric potentials, have been found to support all-real
spectra [61-63] and display also phase transitions from the
unbroken phase to the broken one. The study of partial P7T
symmetry can provide a way for realizing multidimensional
potentials with all-real spectra without imposing strict PT -
symmetry conditions, and extend greatly the research scope
of non-Hermitian systems with all-real spectra beyond one
dimension [64].

In this work, we report the experimental observation of
partial P77 symmetry. We consider a probe and a control laser
beam acting on the cesium atoms in the cell, constituting
a three-level Raman scheme. The control beam covers the
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whole probe beam whereas the repumping beam covers only
the right-half region of the probe beam, resulting in gain and
loss in different parts of the probe beam and hence the creation
of a two-dimensional (2D) partially P77 -symmetric potential
for the probe beam propagation.

Furthermore, a transition of the partial P77 symmetry from
an unbroken phase to a broken one is observed through ad-
justing the beam-waist ratio of the control and probe beams;
the domains of unbroken, broken, and nonpartial P77 phases
are demarcated; a technique for precisely determining the EP
location of the partial P77 symmetry is developed through the
measurement of the asymmetry degree of the probe intensity
distribution; and theoretical analysis and numerical simula-
tion based on Maxwell-Bloch equations are carried out which
reproduce the experimental observations well. The results on
the partial P77 symmetry and its phase transition reported here
open a route for actively manipulating multidimensional laser
beams in non-Hermitian systems, and have potential applica-
tions for designing optical devices with light amplifying and
attenuating in different parts of laser beams.

The remainder of the article is arranged as follows. In
Sec. II, we describe the experimental setup of the present
study and illustrate how to observe the partial P77 symmetry
in a cesium atomic vapor cell. In Sec. III, we carry out theoret-
ical analysis and numerical simulations, which are in a good
agreement with experimental results. Some related examples
of applications are also discussed in this section. Finally, in
Sec. IV we summarize the main results obtained in this work.

II. EXPERIMENTAL OBSERVATION
OF THE PARTIAL PT SYMMETRY

A. Experimental setup

The schematic of the experimental setup and the related
atomic excitation scheme is shown in Fig. 1. The experiment
is performed with a cesium vapor cell of length 2 cm and
diameter 2.5 cm. A weak probe and a strong control beam
(with half Rabi frequencies €2, and 2. [65], respectively) are
overlapped and copropagate through the cell [see Fig. 1(b)].
They drive the atomic transitions |1) — |3) and |2) — |3), re-
spectively, with detunings given by Az = w, — (E3 — Ey)/h
and Ay = w, + w. — (E; — E1)/h, where E, is the eigenen-
ergy of the atomic level |@) (¢ = 1, 2, 3) [Fig. 1(a)]. In the
experiment, we set A, = 0 for avoiding the strong disper-
sion effect while retaining the two-photon absorption, and
A3/2m = 607 MHz for avoiding the inhomogeneous broad-
ening resulting from the Doppler effect (see Appendix B for
more details). The repumping laser is resonant with |1) — |3)
transition.

Both the probe and the control beams are of Gaussian
profiles and their 1/e? waists are w, and w,, respectively.
The beam-waist ratio of the control and probe beams is
0 = w./w,, which is varied between 1.5 and 5 by tun-
ing the waist of the control beam while keeping w, =
110 um. The repumping laser (half Rabi frequency €2,) has
an elliptical Gaussian profile with 1/e? waist w,; = 200 um
(wyp =700 um) for the short (long) axis. It counterprop-
agates through the cell and covers half of the probe and
control beams [see the inset of Fig. 1(b)]. In this way, a 2D

(@) . (b)
Loss config. Gain config.

FIG. 1. Experimental design for observing the partial P77 sym-
metry and its phase transition. (a) Three-level excitation scheme of
cesium atoms. The left and right panels show the loss and gain
configurations, respectively; 2, (¢ = p, ¢, r) are laser beam Rabi
frequencies and Ag (B = 2, 3) are frequency detunings. (b) Sketch
of the experimental setup. The control beam covers the whole probe
beam whereas the repumping beam covers the right-half region
of the probe beam (see the inset), which creates a 2D partially
PT -symmetric potential for the probe beam. The output probe beam
is detected with a photodiode and a charge coupled device camera.

optical potential with the partial P7 symmetry [i.e.,
V*(x,y) = V(—x,y)] for the probe propagation is realized.
After passing through the vapor cell, the probe beam is de-
tected by a photodiode (PD) for monitoring its absorption and
detected by a charge coupled device (CCD) for attaining its
intensity distribution. The atomic density NV, can be changed
by varying the temperature of the cell placed in a thermal
chamber (for more details, see Appendix A).

B. Observation of the partial P77 symmetry
and its phase transition

In the absence of the repumping beam, the probe beam
experiences a loss (i.e., an absorption), which gives a PD sig-
nal Sy ; in the presence of the repumping beam it experiences
respectively a gain and a loss in the right- and left-half regions,
which gives a PD signal Sg,. When the gain and loss are
exactly balanced, the PD signal Sz would be zero.

Shown in the upper part of Fig. 2(a) is the measured re-
sult of the probe intensity distribution from the CCD in the
presence of the repumping beam for o = 2.14. The intensity
distribution is uniform (nonuniform) when T < 29°C (T 2
29°C) [66]. The degree of asymmetry of the distribution for
T 2 29°C increases rapidly as T increases, which becomes
the most evident at T = 45°C; i.e., the intensity displays
clearly half-dark (left) and half-bright (right) distribution. The
orange circles shown in Fig. 2(al) are results of the probe ab-
sorption (i.e., signal Sg;) measured from the PD as a function
of T (N,). We see that S keeps nearly zero for T < 29°C (or
N, < 6.29 x 10'° cm~3), indicating that the gain and loss are
balanced and hence the system works in a regime of partial
PT symmetry (marked by the shaded region in the figure);
Scr begins to increase for T 2 29°C, indicating that the gain-
loss balance is lost and thus nonuniform intensity distribution
occurs [corresponding to the lower row of Fig. 2(a)].

Note that the nonuniformity (or asymmetry) of the probe
intensity shown in Fig. 2(a) increases smoothly when 7 2>
29°C, which is not due to the breaking of the partial P7T
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FIG. 2. Measurements of the partial P77 symmetry and its phase transition obtained by changing the atomic-cell temperature and the
beam-waist ratio o = w./w,. (a) The measured result of the probe intensity distribution for o = 2.14: the probe beam displays uniform
(nonuniform). intensity distribution for the temperature 7' < 29°C (229°C) as the system works with the partial P77 symmetry (nonpartial
PT symmetry). No partial P7 phase transition occurs in this case. (al) Measured result of the probe absorption as a function of 7' (atomic
density N,) with (orange circles) and without (blue squares) the repumping beam. S, (S;): the PD signal in the presence (absence) of the
repumping beam. Shaded region: the domain where the system works with the partial 7 symmetry. (b) and (b1) show similar measurements
to (a) and (al) but for o = 4.55; the probe beam displays nonuniform intensity distribution for all temperatures as the system works in the

broken phase of partial P77 symmetry (see the text for details).

symmetry. The physical reason behind this can be understood
by shortening the atomic ground-state coherence lifetime,
which is limited by the mean time of flight (v)7/w), of the
atoms through the probe beam, where (v)y = /8kpgT /Tm
(kg is the Boltzmann constant and m is the atomic mass)
is the mean atomic velocity at thermal equilibrium. When
the atomic ground-state coherence lifetime decreases with the
growth of temperature, an effective decay rate of the atomic
ground state becomes more and more significant, leading
eventually to the violation of partial P77 symmetry.

For comparison, the probe absorption in the absence
of the repumping beam (i.e., signal S; from PD) is also
given by the blue squares in Fig. 2(al), which increases
with T (N,), indicating that the probe beam always suffers
a significant loss and hence no partial P7 symmetry
occurs. To observe the partial P7 symmetry and its
phase transition in the system, we take o as a tunable
parameter and make new measurements. Plotted in Figs. 2(b)
and 2(bl) are measured results similar to Figs. 2(a)
and 2(al) but for o = 4.55. We see that in this situation
the probe beam displays asymmetric intensity distributions
for all temperatures [Fig. 2(b)]. Meanwhile, Sg. ~ 0 for
T < 29°C, meaning that the gain-loss balance is kept and
the system works in a partially P7 -symmetric phase [the
first row in Fig. 2(b) and the shaded region in Fig. 2(b1)].
Consequently, the nonuniformity of the probe intensity
distribution for T < 29°C [the first row of Fig. 2(b)]must
be the outcome by partial P77 symmetry breaking; i.e., the
system has entered into a broken partially P7 -symmetric
phase from the (unbroken) partially P7-symmetric
phase.

The above experimental findings can be analyzed quantita-
tively by defining the asymmetry degree of the probe intensity
distribution,

Dasym = (Ip, right — Ip, left)/(lp, right + Ip, left)a (1)

where 1, it (I right) 1S the average of the probe intensity
in the left-half (right-half) part of the distribution, with
Dyoym =0 and Dy € (0, 1] characterizing uniform and
nonuniform intensity distributions, respectively.

Measured (samples) and fitted (lines) results of Dqygym as
a function of T for o = 1.70, 2.14, 3.63, 3.95, and 4.55 are
shown in Fig. 3(a). We see that D,y increases slowly with
T; however, it increases abruptly from zero when o exceeds a
critical value o,. Illustrated in Fig. 3(b) are measured (sam-
ples) and calculated (lines) results of D,y as a function of o
for T =24°C,26°C, and 28 °C. It reveals clearly that a phase
transition of partial P7 symmetry indeed occurs, with the
EP locating at 0 = o, ~ 3.8. Based on Figs. 3(a) and 3(b),
a phase diagram is obtained by taking Dy, as a function of
T and o in Fig. 3(c), where domains of the unbroken, broken,
and nonpartial P7 phases are displayed unambiguously.

III. THEORETICAL ANALYSIS AND EXAMPLES
OF APPLICATIONS

A. Theoretical analysis and numerical simulations

To have a better understanding of the experimental results,
we have also carried out theoretical analysis and numerical
simulations based on Maxwell-Bloch (MB) equations, which
describe both dynamics of atoms and probe beam propagation.
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FIG. 3. Discrimination of the unbroken, broken, and nonpartial P77 phases. (a) Measurements (samples) and fittings (lines) of the
asymmetry degree D,n, as a function of the temperature T for different beam-waist ratios (indicated in the figure). (b) Measurements (samples)
and calculations (lines) of D, as a function of o for different temperatures (indicated in the figure), where the EP locates at o = o, >~ 3.8.
(c) Phase diagram by taking D,qm as a function of 7 and o, where domains of the unbroken, broken, and nonpartial P77 phases are shown.
The solid (dashed) line indicates the boundary between domains of unbroken and broken (non)partial P77 phases.

Under electric-dipole and rotating-wave approximations, the
Hamiltonian of the system with the repumping laser [as shown
in Fig. 1(a)] in the interaction picture is given by

3

A = =Ry A1) — LR, + 2e™)[3)(1]
j=2

+ 2.13)(2| + H.c.], 2)

where ,, €., and €, are half Rabi frequencies of
the probe, control, and repumping lasers, defined respec-
tively as QP = (P31 ' ep)gp/(zh), Qc = (P32 : ec)gc/(Zh)’ and
Q, = (p41 - €,)E,/(2R), with p;; the electric dipole matrix
element associated with the transition |i) <> |j). The detun-
ings are given by Ay = w, — 0, — (w2 — i) and Az = w, —
(w3 — wy), with w; the eigenfrequency of the state |j).
The dynamics of the atoms is controlled by the optical

Bloch equation

00 _ i r

o = h[ s Pl [o],
where p is the density matrix, with the matrix elements p,g
(o, B = 1-3) describing the atomic population (¢ = ) and
coherence (« # B); I' is the relaxation matrix, contributed
from the spontaneous emission and dephasing. The equa-
tion of motion for the probe field €2, is obtained by the
Maxwell equation. Under the slowly varying envelope ap-
proximation, it is reduced to the form

3)

Y 10 1 2
1 8_2+25 Qp+—VJ_Qp+K13/)31:Ov “)

2k,

where V2 = 9y, + dyy and the coupling constant ki3 =
Naw,p?s/(2eoch), with N, the atomic concentration and ¢
the light speed in vacuum. The second term on the left-hand
side of the equation represents the diffraction of the probe
beam. Both the control and the repumping fields are strong
enough so that their half Rabi frequencies, €2, and €2,, can be
considered as constants during the propagation of the probe
field.

The Maxwell-Bloch equations (3) and (4) can be solved
by using a perturbation method under the condition 2, <
Q., Q,. The gain-loss property of the probe beam can be

obtained from the linear dispersion relation of the system (see
Appendix B for more details).

For the convenience of following discussions, we rewrite
the equation of motion for the probe field into a nondimen-
sional form:

9V d ” ” Uu-v U 5

lag_ - <8§2+3n2> (577]) ’ ( )
where the new variables are (§, n) = (x, y)/w, with w, the
1/e* waist of the probe laser beam, ¢ = z/L with L the cell
length (L = 20 mm in this work), U (§, 1, {) = Q,(x, v, 2)/Uo
with Uy the typical Rabi frequency, d = L/Lgisr With Ly =
2w12,k,, the characteristic diffraction length, and V (&, n) =
Lk13p31/2,. The spatial dependence of the potential V (£, n)
is attributed to the spatial distribution of the control intensity.

According to the experiment, the intensity distribution
of the control field is described by a Gaussian profile,
L&, 1) = Loe € +1)/°  with Iy the maximum intensity
and 0 = w./w, the beam-waist ratio of the control and
probe beams. By using the approximation 1.(§, n) = Io[1 —
(2 4+ 1n?)/0?], V(E, ) can be written in the form V (£, n) =
Vi(€) 4+ Va(n), i.e., separable in the two transverse directions,
where Vi(§) = L(B..E” + ive.L) and Va(n) = LBg.Ln* (the
subscript “G” for £ > 0 and “L” for £ < 0). Here, g1 =
0?l.o Re(9kg, /01121, and yg, = Im(kg,L — ©/C)|j=1
with kg (k) the linear dispersion relation with (without)
the repumping laser (the explicit expressions of kg and k;
are given in Appendix B). It should be pointed out that we
have neglected the terms associated with Im(dkg 1./01:)|1.=1,,
which are rather small and can be regarded as high-order
corrections.

Once the conditions

Be=BL=B, vo=—-v.=7, (6)

are fulfilled, the potential acquires the symmetry V (£, n) =
V*(—£&, n); i.e., V(&, n) becomes a partially P7T -symmetric
potential and can support all-real spectra (see Refs. [61-63]).
The transition from the unbroken partial P77 phase to the
broken one occurs when the ratio between the gain-loss co-
efficient and the phase shift, /8, is increased and across the
EP. From the above expressions of 8 and y, itis seen that y /8
is proportional to o> but independent on the atomic density
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FIG. 4. The control of partial P77 symmetry and light amplifica-
tion and attenuation. [(a)—(c)] Measured result [for different (o, T)]
of the probe intensity distribution, which is uniform in (a) due to
the unbroken partial P77 symmetry, nonuniform in (b) due to the
broken partial P77 symmetry, and nonuniform in (c) due to the non-
partial P77 symmetry. [(al)—(c1)] Numerical results corresponding
to (a)—(c). (d) Red circles (blue squares): The gain and loss of output
probe intensity observed in the left (right) part of the probe beam as
a function of the cell length L for (o, T') = (4.55,28°C). The gain
(loss) of the probe beam in the right (left) part arrives at 7 dB (—7 dB)
at L =10 cm.

N, (or the cell temperature T). Thus, by changing ¢ one
can observe the phase transition of the partial PT symmetry,
which however will not happen by changing N, (or T).

For a further comparison between theory and experiment,
in the left part of Fig. 4, we show the probe inten-
sity distribution for (o, T) = (2.14, 28°C), (4.55, 24°C), and
(4.55, 30°C), respectively. The first (second) row is the result
given by experiment (theory). The distribution is uniform
in Figs. 4(a) and 4(al) due to the perfect pP7 symmetry,
nonuniform in Figs. 4(b) and 4(b1) due to the breaking of the
partial P77 symmetry, and nonuniform in Figs. 4(c) and 4(c1)
due to the nonpartial P77 symmetry. We see that the theory
agrees with the experiment very well.

B. Examples of applications

The relation between the gain-loss coefficient y and the
asymmetry degree of the probe intensity, Dyeym, iS given by

Yy = In[(1 + Dasym)/(l - Dasym)]/(4L)' @)

Since the measurement of D,y can reach a high precision
(relative standard deviation <5%), one can determine the lo-
cation of EP rather precisely. Because the breaking of partial
PT symmetry depends only on o but not T, the present sys-
tem has a direct application in that it can be used to measure
the probe beam waist precisely by tuning the control beam
waist for 7 < 29°C. The system is also promising for design-
ing optical elements allowing light amplification in one half
of a laser beam and attenuation in its other half. Figure 4(d)
shows the output probe intensities respectively in the right
(gain) and left (loss) parts as functions of L; one sees that for
a 10-cm-long cell with (o, T) = (4.55, 28°C), the increase
(decrease) of the probe intensity in the right (left) part can
arrive at 7 dB (—7 dB).

IV. SUMMARY

In this work, we have carried out an experimental
observation on partial P7 symmetry by using a laser-
driven cesium atomic gas, where a two-dimensional partially

PT -symmetric optical potential for a probe laser beam is
created. The transition of the partial P7 symmetry from
an unbroken phase to a broken one was observed through
changing the beam-waist ratio of the control and probe laser
beams; the unbroken, broken, and nonpartial P77 phases were
discriminated unambiguously. Moreover, a technique for pre-
cisely determining the location of the EP was developed by
measuring the asymmetry degree of the probe-beam intensity
distribution. Besides, all experimental results have been ver-
ified well by theoretical analysis and numerical simulations.
Our work paves the way for controlling multidimensional
laser beams in non-Hermitian optical systems, and has po-
tential applications for the precise measurement of the probe
beam waist, as well as design of a combined light amplifier
and attenuator in different parts of laser beams.
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APPENDIX A: EXPERIMENTAL MEASUREMENTS

1. The experimental setup and photodiode measurements

In the experiment, a weak probe (a strong control) laser
couples the transition of 682, F =3) — |6P3,, F' = 4)
(1) = 13)) 116812, F = 4) — [6P52, F' = 4) (12) — [3))],
forming a A-type three-level atom. Both lasers come from
two external cavity lasers (ECLs; DLpro, Toptica) with their
frequencies locked to related transitions and blue detuned by
Az /2w = 607 MHz using double-passed acousto-optic mod-
ulators (AOMs) and meet the two-photon resonance condition
A, = 0. The control and probe lasers propagate through the
atomic cell in the same direction. The strong repumping laser
counterpropagates through the atomic cell and is locked to
the transition |65/, F = 3) — |6P3)2, F' =4) (|1) — |3))
in resonance.

The probe laser after passing through the vapor cell is
detected by a photodiode (PD) for monitoring its gain and
loss properties, as shown in Fig. 5. First, we measure the
probe laser with frequency far detuned from the resonance
corresponding to the signal p. In this case, the probe laser
suffers no gain and no loss. Next, we measure the probe
laser that propagates through the atoms driven by the con-
trol laser (without the repumping laser), corresponding to the
signal p + c. In this case, although the system works under
the condition of two-photon resonance, the probe laser suf-
fers a small absorption (loss) due to the large detuning Aj.
Finally, we measure the probe laser that propagates through
the atoms driven by both control and repumping lasers,
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FIG. 5. The measurements of PD signals for monitoring the gain
and loss properties of the probe laser. The signal p corresponds to
the case that the probe laser propagates in the cell with the frequency
far detuned from the resonance; p + ¢ corresponds to the case that
the probe laser propagates in the atoms driven only by the control
laser; p + ¢ + r corresponds to the case that the probe laser prop-
agates in the atoms driven by both control and repumping lasers.
Particularly, the repumping field is initially fully overlapped with the
probe beam, in which the signals p + ¢ 4 r and p + ¢ are located
symmetrically about the signal p, as shown in (a). The repumping
field is then moved adiabatically to be half overlapped with the probe
beam, in which the signal p 4 ¢ + r coincides with the signal p,
as shown in (b).

corresponding to the signal p + ¢ + r. Particularly, in this
case, the repumping field is initially fully overlapped with
the probe beam, resulting in a gain of the probe laser. By
adjusting the system parameters carefully, it is possible to
make the gain have the same magnitude with that of the loss
without the repumping laser. Therefore, signals p 4+ ¢ + r and
p + c are located symmetrically about the signal p, as shown
in Fig. 5(a). After that, we move adiabatically the repumping
field so that it is only half overlapped with the probe laser.
Since the gain and loss are balanced now in different half
regions of the probe beam, the signal p + ¢ + r coincides with

the signal p, as shown in Fig. 5(b), indicating that the probe
laser suffers no gain and no loss as a whole. Thus, the partial
PT symmetry of the probe beam has been achieved.

2. The heating unit

In order to vary the atomic density, we put the atomic cell
into a copper chamber that is heated to a certain temperature
T via heating tapes. A multimeter (LINI-T-UT55) was used to
measure the temperature of the cesium bubble, with an error
40.5°. The pressure of the atomic gases can be obtained from
the equation [67]

4006.048 73
- 0.60194 x 10T

(AL)

log,o Py = 8.22127 —
—0.19623 log,, T,

where Py is the pressure of the atomic vapor in Torr and T
is the temperature in kelvins. The atomic density N, can be
calculated by using the relation N, = Py /(kgT ), where kg is
the Boltzmann constant (kg = 1.38 x 10723 J /K).

Figures 6(a) and 6(b) show the heating unit in the ex-
periment and the atomic density A, as a function of the
temperature T, respectively. Some typical values of tempera-
ture T and corresponding atomic density N, used in the main
text are given in Table 1.

APPENDIX B: THEORETICAL ANALYSIS

1. Model and linear propagation of the probe field

The equations of motion for the density matrix elements
(i.e., the optical Bloch equation) can be written as

i%ﬂll — iC1apy — iT13p33 + 25031 — Qproy =0,
(Bla)

i%pzz +iT1p2n — T3 + psn — Qepy, =0,
(B1b)

] .
i P + 3033 — Q031 + Qo3 — Qip32 + Qep3y =0,

(Blc)
25 T T T T T
| (b) °
~20F °
- 9
§ )
92 15k o° i
= o°
E Y
g 10 o° i
A -}
0
°®
5t 00? i
o°°°°
20 25 30 35 40 45
7(°C)

FIG. 6. The heating unit in the experiment. (a) The heating unit. The heating tape, the cesium cell, and the copper chamber in the unit are
indicated, respectively. (b) The atomic density NV, as a function of the temperature 7.
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TABLE I. Some typical values of temperature 7 and corresponding atomic density A, used in the main text.

Temperature, T (°C) 20 22 24 26 28 29 30 32

Atomic density, M, (x10' cm™3) 2.59 3.17 3.87 471 5.72 6.29 6.92 8.36

for the diagonal elements, and changing of population; the half Rabi frequency €, =

Q) + Qe

(ii + d21>,02] — Qp,,og‘2 + Qf.,os] =0, (B2a) Since all lasers in the present system are continuous, the
ot optical Bloch equations (B1) and (B2) can be solved in an
.0 adiabatic way (i.e., 9/0t — 0). Further, the probe beam is
(’5 + d31)p31 = Qpr(p33 = p11) +Qep2r =0, (BZb) 1 0h weaker than the control and the repumping beams, i.e.,

3 Q, K Q, Q,, which allows us to use the perturbation theory
(iﬁ + d32> 032 — Qe(p33 — pu) + Qppdy =0, (B20) by making the a?ymptotic expansions 2, = Y -, E”Q;,”) and

pij = Z;io e”,o[.j) (i, j = 1,2, 3), where € is a small parame-

for the nondiagonal elements, where d;; = A; — A; +iyy
(, 1=1,2,3 and A, = 0), with y;; = (T; + T))/2+ y5.

ter characterizing the small population depletion of the ground
state. The leading-order solution (the base state) of the optical

Here, I'; = Zj<l I"j;, with T'j; the spontaneous emission de- Bloch equations (B1) and (B2) is solved by setting Qg)) =~ 0.
cay rate from |/) to |j) and y' the dephasing rate reflecting By using the transformation pé?gl = Qé%lem” , we obtain the
the loss of phase coherence between |j) and |/) without leading-order equations
J
;T . s . T . s Q sz: .
—igh —i2Im()  —igh —i4Im(F) " -5\ [P —i2Im(%2)
il —il'y3 ) —Q. QZ‘ pgg) 0 ©3)
1 1 1 2 B 8 o | = QF ’
Qt(\sz,.\z + 5) _Q:(mm - 5) \97.2\2 - % 0 1028 D
1 1 1 2 d 8 (©) Q
QC(|Q,|2 + ﬁ) _QC(\Q,\Z - ﬁ) 0 \93,2\2 — o P32 D*
[
where D = |QC|2 — 821631, With & =doy — Az = Ay — and
A [ d 8§31 = d3; — A3 = iyy3. With the soluti f )
(%)4‘ 1(16)12 a(g) 31 = dai 3= iy13. Wil e solutions o © + a1 @ ey o
P2)'» P33 » Pp3 » and ps,” at hand, other density matrix elements Q o+ 0 )
at the leading order can be obtained as i 3 . 93]1
QF 0 —w+d3, p£3)
(0) (0) (0)
piv =1 =0y =035, (B4a) Fp53
0 0 0 _ (0) (0) (D ()
o _ Qf(ﬁég) - Pfl)) - 531,053) iAyt = | —F(e)) — 033) — 2 (o1) = 033) |- (B6)
Py = S2 e™,  (Bdb) F o0 _ g (oD _ oD
D —F*0y) — Q¢ (05 = p33)
0 _ _g 821 (ng) - Pf?)) - Qcpﬁg) iAst B4 Equations (B5) and (B6) should be solved simultaneously,
P31 = " D e (Bdo giving the solution of lel) in terms of F' and F* (the expression

It is obvious that at the limit €2, — 0, the leading-order
solution will reduce to ,oi(l)) ~ 1, with all other density matrix
elements being zeros.

When the probe field is under consideration, the sys-
tem undergoes a linear evolution. The first-order solu-
tion of the probe field can be sought by taking QD =
F (x, y)elka=i@=23)1 wyith F(x, y) being a slowly varying enve-
IO(I;)C function of the probe field. By making the transformation
P51 31 = 0537 @A) the optical Bloch equations (B1)
and (B2) at the first order [at the order of F (x, y)] are given as

0 -TI'n —Tus Pﬁ) ZIm(FQg) + Q,Q%))
0 T -Tulle|= 2Im(2.05}) :
1 1 1 Pl 0

(BS)

is rather lengthy and omitted here). From the substitution
of lel) into the Maxwell equation (4) without including the
diffraction (which is a high-order effect), one can readily
obtain the linear dispersion relation k(w) of the system.
Particularly, if a set of parameters can be found so that
p(;) A Qg;) ~ 0 (j =1,2,3), the solution of lel) can be sig-
nificantly simplified, reading as
ay _ X(ps3 = pi7) + Q@ — diy)py; Feikamito—Aa)
31 = Y )
(B7)
where X = |Q,|> — (0 + 1) (w — dy,) and ¥ = 192,12 (w +
831) + Qe (@ — d3y) — (@ + 821)(@ + 831)(@ — d3y).  With
the solution (B7), one can obtain the linear dispersion relation
k(w):

—As X0 = o) + Qe — diy)py)

w
k(w) = + k13 7

(B8)
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FIG. 7. (a) The real and imaginary parts of the linear disper-
sion relation with the repumping field (the gain-channel dispersion
relation), Re(kg) (blue solid line) and Im(kg) (red dashed line), as
functions of w. Inset: The real and imaginary parts of the linear
dispersion relation without the repumping field (the loss-channel
dispersion relation), Re(k.) (blue solid line) and Im(kp) (red dashed
line), as functions of w. (b) The details of the linear dispersion
relation around w = 2.8 GHz. Im(kg) (red solid line) and Im(k;)
(red dashed line) are plotted as functions of w, enlarged by 100 times.
—Im(kg) ~ Im(k;) at w ~ 2.87 GHz. Inset: Re(kg) (red solid line)
and Re(k.) (red dashed line) are plotted as functions of w, enlarged
by 10 times. Re(kg) ~ Re(ky) at w =~ 2.87 GHz.

Since the imaginary part of the linear dispersion k(w) in the
presence of the repumping field can be negative in some w
intervals, corresponding to an optical gain acquired by the
probe field, k(w) is referred to as the gain-channel dispersion
relation, denoted by kg (@) (“G” means the gain).

The above model can be realized by using the '*3Cs
atoms as described in the main text, in which the
decay rates are 'y 2w x1 kHz and I'; =27 x5.2
MHz; the electric dipole matrix elements are pi3 ~ 3.8 X
10727 C cm [67]. Moreover, we take the atomic density
N, ~2.59 x 10'° cm™3 (T = 20°C), the Rabi frequencies
Q. =27 x 239.14 MHz and 2, = 27 x 93.33 MHz, and the
detunings A, = 0 MHz and A3 = 2w x 607 MHz.

Figure 7(a) shows the real and imaginary parts of the
gain-channel dispersion relation kg, Re(kg) and Im(kg), as
functions of w, which represent the phase shift and gain
[Im(kg) < 0] or loss [Im(kg) > O], respectively. From this
figure, we note that Im(kg) becomes negative and hence
the probe field acquires an optical gain for w 2 2 GHz.

Additionally, Re(kg) is negative, meaning that the probe field
acquires a negative phase shift, in a large frequency interval
0.5 <w<35GHz

In the absence of the repumping field, the system is re-
duced to a standard A-type configuration. In this case, the
Hamiltonian and the optical Bloch equations can be readily
obtained from Egs. (2), (B1), and (B2) by setting 2, = 0.
Now the leading-order solution is given by pﬁ) = 1, with all
other density matrix elements being zeros while the linear
dispersion relation k(w) is obtained as

w W+ dy;
_+K . B9
¢ PP = (@ + da )@ + dsy) (B9

k(w) =

Since the imaginary part of k(w) without the repumping field
is always positive, corresponding to an optical absorption
(loss) of the probe field, k(w) is referred to as the loss-channel
dispersion relation, denoted by ki (@) (“L” means the loss).

The real and imaginary parts of the loss-channel dis-
persion relation ki, Re(k.) and Im(ky), as functions of w,
are illustrated in the inset of Fig. 7(a). The parameters are
the same with those used in the case of the gain config-
uration (in the presence of €2,). We see that although the
transparency window is widely opened due to the electro-
magnetically induced transparency effect, the probe field still
suffers a small loss as Im[ky (o = 0)] > O in the whole range
of w.

In Fig. 7(b), we show the details of the linear dispersion
relation around w = 2.8 GHz. Both Im(kg) and Im(ky ) are
illustrated as functions of w. In order to observe more clearly,
they are enlarged by 100 times. It is seen that —Im(kg) ~
Im(k;) ~ 0.5 x 1073cm™! at w ~ 2.87 GHz. The inset of
the figure shows Re(kg) and Re(kp) as functions of w,
enlarged by 10 times. It is seen that Re(kg) =~ Re(ky) =
—0.07cm~! at the same value of w. Thus, we find that
with the parameters given above, when o =~ 2.8 GHz, one
has —Im(kg) ~ Im(ky) =~ 0.5 x 103 cm™! and Re(kg) =~
Re(ky) ~ —0.07 cm™!, simultaneously. This is crucial for the
realization of partial P77 symmetry in the present system, as
shown below.

The partial P77 symmetry can be realized by using the
linear dispersion relations of the gain and loss channels
described above. Particularly, when the system works in
the gain channel, the last term on the left-hand side of
Eq. (4) reads x13p31 = [kg — (w0 — A3)/c]2, and the probe
field can acquire a gain. On the contrary, when the system
works in the loss channel, the last term on the left-hand
side of Eq. (4) reads 3031 = (kL — w/c)S2, and the probe
field acquires only a loss. By tuning the parameters care-
fully, it is possible to make the gain and loss balance each
other.

2. Estimation of the Doppler effect

For a warm atomic vapor, the inhomogeneous broadening
of the atomic radiation spectrum line due to the Doppler
effect can play an important role in the optical response of
the system. To include this effect, the external motion of the
atoms must be taken into account and Hamiltonian (2) should
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be replaced with

3
Fi = =1 Y A1 = BL(@pe" 4 Qe
j=2

X |3)(1] + Qe |3) (2] + H.c.], (B10)
where v is the z component of the atomic velocity v.
According to Hamiltonian (B10), the optical Bloch
equations are given by Egs. (B1) and (B2) but dy =
—(kp — kv + Ay + iy, d3i = —kpyv+ Az +iy;3, and
dy = —k.ov 4+ Az — Ay + iyn3.

Since k, A k. due to the copropagating probe and the con-
trol beams, the term —(k, — k.)v in the expression of dy;
is approximately zero and hence d,; is not affected by the
Doppler effect. Moreover, under the conditions of two-photon

resonance (A, ~ 0) and a very large single-photon detuning
(A3 > kpv =~ k.v), the terms —k,v and —k.v in the expres-
sions of d3; and d3; can also be neglected and hence d3; and
d3; are not affected much by the Doppler effect.

It is convenient to define the Doppler width Awp = k,vr,
where vy = (2kgT /M)'/? is the most probable atomic speed
at temperature 7, with kg the Boltzmann constant and M
the atomic mass. Then, the condition of a very large single-
photon detuning can be written as Az > Awp. In the system
under study, the probe and the control beams are coprop-
agating and the detunings are taken as A, ~ 0 and Aj; =
27 x 607 MHz which is much larger than the typical value
of the Doppler width for a cesium atom at room tempera-
ture, Awp ~ 400 MHz [68]. Due to the above reasons, the
Doppler integral is not included in the theoretical treatment for
simplicity.
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