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Optical nonreciprocity is of paramount importance to optical signal processing and one-way optical
communication. Here, we theoretically and experimentally demonstrate nonreciprocal amplification based
on four-level hot atoms by exploiting atomic Doppler shifts. Our approach is simple and easy to implement.
In fair agreement with our theoretical modeling, forward power amplification of 26 dB and backward
isolation of 30 dB are observed. Our results will open up a new avenue towards realistic devices based on

nonreciprocal amplification.
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As a symmetry-breaking effect, optical nonreciprocity is
of vast interest to science and engineering [1-4]. The
conventional route to optical nonreciprocity, which is based
on the magneto-optical Faraday effect, always needs bulky
magnets and is thus incompatible with integrated circuit
technology [5]. During recent years, researchers across
different communities have turned to other physical effects
to realize magnet-free optical nonreciprocity, including the
use of nonlinear optics [6-9], spatiotemporal modulation of
permittivity [2,10,11], optomechanical interaction [12—18],
interfering parametric processes [19-21], “moving” Bragg
mirror [22], cold atomic Bragg lattice [23], chiral quantum
optics [24-26], complex optical potentials [27], and ther-
mal motion of hot atoms [28].

Nonreciprocal amplification is essential in communica-
tion and signal processing, offering a means to protect the
signal source from extraneous noise. Theoretical proposals
to realize nonreciprocal amplification have covered
Josephson circuits [29,30], reservoir engineering [31],
non-Hermitian systems [32], and optomechanical systems
[33]. Nonetheless, only scattered experimental realiza-
tions of nonreciprocal amplification have been reported,
including microwaves in superconductor circuits [34,35]
and optical waves in cavity optomechanical systems
[36,37].

In this Letter, we put forward a theoretical model based
on four-level atoms and accordingly realize nonreciprocal
amplification using hot rubidium (Rb) atoms. The mecha-
nism in our innovative approach is an interplay of the
Doppler shifts associated with hot atoms, the resultant
directional electromagnetically induced transparency (EIT)
due to a symmetry-breaking control laser, and a pump laser
that induces amplified transmission along the EIT direction
only. Experimentally, forward power amplification up to
26 dB and backward power suppression of 30 dB are
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observed. Compared with the existing experimental real-
izations of nonreciprocal optical amplification, our scheme
is conceptually different and cavity-free, and its realization
can be more straightforward.
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FIG. 1. (a) Schematic of nonreciprocal amplification via atomic
Doppler shifts. A control field and a copropagating pump field
drive an atomic medium. The forward probe laser goes through
the medium with amplification whereas the backward probe laser
tuned at the same transition is absorbed by the medium. (b) The
level structure of four-level atoms with two lower states |1) and
|2) and two higher states |3) and |4). The control field drives the
transition |1) <> |3), the pump field drives the transition
|2) <> |4), and the probe field is near resonance with the
transition |2) <> [3). (c) Dressed states with Doppler shifts
accounted for, for forward and backward probe fields, respec-
tively. For two near-resonance gain transition channels |3+) <
[2+) and [3—) <> |2—), they are almost Doppler-free in the case
of forward propagation but still significantly Doppler broadened
in the case of backward propagation.
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The schematic of our approach to nonreciprocal ampli-
fication is depicted in Fig. 1(a). There the hot Rb atoms in
the cell are driven by a control laser and a pump laser in the
same direction. The atomic level structure is modeled by
four levels in Fig. 1(b), along with the control field and the
pump field driving their respective atomic transitions |1) <>
|3) and |2) <> |4). The Rabi frequencies (carrier frequen-
cies) of the control, pump, and probe fields are, respec-
tively, denoted by Q. (w.), Q; (w,), and Q, (w,). The
spontaneous decay rates of state |3) (|4)) to states |1) and
|2) are T'3; (I'y;) and T3, (Ty,), respectively. The dephasing
rate between |1) and |2) is I'5;. Because of the pump field,
the atomic populations starting from |2) will experience a
transfer pathway |[2) — [4) — [1) — |3) — |2), through
which the probe field can be amplified [38]. In the presence
of atomic thermal motion (to be elaborated below), the
forward probe field can still be greatly amplified because in
our laser-atom configuration the Doppler shifts are can-
celed with respect to two-photon detuning [39], whereas
the backward probe field can be almost completely
absorbed because enhanced Doppler effects tune the system
far away from two-photon resonance.

Before presenting theoretical results, we first adopt the
rather standard dressed-state picture to better digest our
motivation and the physical mechanism. To that end, one
starts with the interaction Hamiltonian describing the four-
level atoms driven by the control and the pump fields in
the rotating-wave approximation, H,=h(A.~A )+
hA o33 +h(A~A,+A4)04—(1/2)(Q.013+Q 054 +H.c.).
Here, A, = w, — (03 —w,), A, = w, — (w3 — w;), and
Ay = w,; — (w4 — ;) are the respective detunings of the
probe, control, and pump fields, Aw;(i = 1,2,3,4) are the
eigenvalues of state |i), and 6,,, = |m)(n|(m,n = 1,2,3,4)
represent the atomic transition operators. Note, however, that
this Hamiltonian is only true in the absence of the Dopper
shifts due to the thermal motion of the atoms. Taking into
account the longitudinal motion of atoms at randomly
distributed velocity v (necessary for hot atoms under con-
sideration here), the frequency detunings of the probe,
control, and pump fields are shifted to A, & k,v (+ for
forward propagation and — for backward propagation),
A, + kev, and A, + kqv, where k,, k., and k, are their
respective wave vectors. The associated dressed states can
then be obtained upon taking into account such Doppler
shifts. To simplify the picture one may focus on the situation
where A, = A, =A; =0, k, = k. = k; = k, yielding the
following dressed states [39,40],
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with

j’fii = kv £ V (kU)Z + Q% and ﬂZi = kvt
(kv)? + Q2, valid for both forward and backward cases,

with, nevertheless, different eigenvalues. For the forward
case, the eigenvalues of |34) and |2+4) are E{i = (h/2) A3+
and E’; . = (h/2)Ay4. By contrast, the -eigenvalues
for the backward case are E%, = (h/2)l3. and
E5 = (1/2)(Aps + 4kv).

The Doppler shifts are seen from above to have distinct
influences on the energy eigenvalues of the dressed
states. Figure 1(c) depicts the states dressed by photons,
in which there are four possible gain transition channels
|3£) <> [24). However, the transition channels |3+) <
|2—) and |3—) <> |2+) are far off resonance and can thus
be ignored. The probe field in the forward direction would
afford two near-resonance transition channels |3+) <>
|2+) and |3—) <> [2—) due to a cancellation of the
Doppler shifts. The probe field thus has a significant gain.
Furthermore, because the probe field does satisfy the two-
photon resonance condition with the control field, it
exhibits EIT [41,42], and so the gain will accumulate with
propagation. By contrast, the two gain channels for a probe
field in the backward direction would behave drastically
different: They are now fully Doppler broadened and are
hence detuned by around 2kv. Thus, only few atoms with
low velocities can contribute to the gain. In addition, the
two-photon resonance condition between the probe and the
control laser is now also broken by the Doppler shifts,
yielding strong absorption by the medium. An amplifica-
tion of the probe field propagating forward but strong
suppression of the same probe field propagating backward
thus becomes possible.

Armed with this understanding, we next present numeri-
cal results obtained from our theoretical model. The
amplification coefficients can be found by solving the
steady-state solution of the Liouville equation (Jo/0t) =
—(i/n)[H.0] —1{I. o}, with H = H;, — (7/2)(Q,02; +
H.c.) being the Hamiltonian including the probe field.
The amplification coefficients for forward and backward
propagation of the probe field a; and «;, are defined as
—k,Im|y3,], where Im[y3,] denotes the imaginary part of
the optical susceptibility,

Yoz = / " N() gsa(v)dv

_ /+°° N(U)|up|2 632(7})

2
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with N(v) = Ne™"/% /(v,/) being the Maxwell-
Boltzmann velocity distribution, v, the most probable
velocity, N the atomic density, and u, the transition
dipole moment between states |2) and [3). A positive
(negative) amplification coefficient indicates amplification

033902-2



PHYSICAL REVIEW LETTERS 123, 033902 (2019)

(absorption). Theoretical findings of nonreciprocal trans-
mission are summarized in Fig. 2. In our numerical
calculations, we have incorporated the collision broadening
effect caused by atomic thermal motion [43]. For atoms at
around room temperature, we assume that the broadening
effect is proportional to the atomic density, with the asso-
ciated broadening coefficient set at f = 0.6 x 10718 m?
according to our experimental conditions. From the shown
results of a; and a;, at A, = 0 vs the pump field strength
and control field strength, it is seen that the forward probe
field can be nearly transparent or even greatly amplified
whereas the backward probe field can be absorbed over a
wide parameter regime. In particular, under the condition of
Q, ~ Q,, the forward case can exhibit enormous amplifi-
cation and the backward case suffers strong absorption. As
a side note, theoretical results also indicate that in the
regime of small €, the peak amplification coefficient a
(obtained by optimizing Q) increases with Q.. However,
this trend does not persist for sufficiently large Q.. That is,
the peak amplification coefficient a; may decrease with Q.
[see inset in Fig. 2(a)]. This theoretical observation echoes
with a previous result in Ref. [39] and is also consistent
with the intuition that the actual amplification performance
does have an upper bound. Turning to the backward case,
|| gradually decreases as Q, increases. For Q; > Q. , the
atomic populations are almost exclusively in the state |1)
and the system would become transparent again.

We performed the experiment with hot 3’Rb atoms in a
vapor cell of 7.5 cm in length. A narrow linewidth tunable
laser with wavelength of 795 nm serves as the control field
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FIG. 2. Theoretical nonreciprocal amplification coefficients a;
and «a; versus the strength of the control and pump fields for
forward (a) and backward (b) propagation of the probe field.
Parameters: The detunings are A, = A, = A; =0. To better
reflect our experimental system and better fit our experi-
mental results, the spontaneous decay rate and dephasing rate
of the concerned atomic transitions are modeled by
{F31,F32, F41 s F42, Fz]} =2 X {42 +[}]N, 4.2 +ﬂN, 5.6 +//]N,
2.8 +BN,0.1 + SN}MHz, where N =2 x 10'8/m® and the
broadening coefficient is assumed to be = 0.6 x 107'% m?.
The transition dipole moment for the probe field is
u, =1.4x 107 Cm. The wave vector of the probe field is

given by k, = 2x/,, with 4, = 795 nm.
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and is tuned to the D1 line 5S;,,, F, = 1(|1)) = 5P,
F, =2(|3)) transition. Another narrow linewidth tunable
laser with wavelength of 780 nm serves as the pump field
and is tuned to the D2 line 55, ,,, F, = 2(|2)) = 5P;,,
F,=1(|4)) transition. A third narrow linewidth tunable
laser with wavelength of 795 nm serves as probe field and
is tuned to the D1 line 58,5, F, = 2(|2)) = 5Py 5. F, =
2(|3)) transition. The Rb cell is heated to 65°C—85°C in
our experiment. The polarization of control and pumping
fields is orthogonal to the probe field and misaligned by a
small angle to improve the signal-to-noise ratio of the probe
field. The radii of the control, pump, and probe fields are
estimated to be 800, 800, and 250 um, respectively. The
probe field power is measured by a photoelectric detector.
In our experimental system, the four-wave-mixing signal is
negligible due to a weak probe field, limited optical length,
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FIG. 3. (a) Experimental observation of normalized forward
and backward transmission versus the detuning of the probe field,
with pump field power /; =55.0 mW, control field power
I. = 16.0 mW, and temperature 7' = 80°C. (b) The normalized
on-resonance transmission of the probe field versus pump field
power at temperature 80 °C, with the control field power fixed at
16.0 mW. (c) The normalized on-resonance transmission versus
the control field power at temperature 80 °C, with the pump field
power fixed at 55.0 mW. (d) The normalized on-resonance
transmission versus temperature, with pump field power fixed
at 55.0 mW and control field power fixed at 12.0 mW. In (b)—(d)
the dots are experimental results and the dashed lines represent
theoretical fittings. Theoretical results are obtained with tran-
sition dipole moment {u,,, u,,us} = {1.4,1.4,0.5} x 102 Cm
and effective medium length L.; = 5 cm, and other parameters
chosen the same as those in Fig. 2. The probe field power is kept
at I, = 0.1 yW for (a)—~(d).
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and poor phase matching conditions. Before measuring the
transmission of the probe field, we also measure the signal
without the probe field, confirming that there is no signal
along the forward or backward direction except noise. We
fix the probe field power at 0.1 uW, corresponding to the
Rabi frequency Q, = 2z x 0.5 MHz.

Figure 3(a) presents the typical nonreciprocal trans-
mission spectrum of the probe field versus its detuning.
The transmission is defined by the output voltage ratio
between the detectors associated with the transmitted and
input probe fields. We denote the transmission for forward
and backward cases by Ty and T, respectively. There is a
sharp gain peak for the forward case and rather uniform and
significant absorption for the backward case. This clearly
demonstrates nonreciprocal amplification under near-reso-
nance conditions. The transmission ratio between the
forward and backward cases is seen to go well beyond
the order of 10°. For the on-resonance case as an example,
Fig. 3(b) depicts our transmission measurement results with
a varying pump field power, with the experimental system
maintained at 80°C and the control field power fixed at
16.0 mW (Q,. = 2z x 60 MHz). It is seen from Fig. 3(b)
that as the pump field power increases from 15.0 to
550 mW (Q, increases from 2z x21 MHz to
27 x 41 MHz, the highest power we can achieve in our
setup), the forward transmission increases from 8.7 to
400.5, whereas the backward transmission is observed to
stay at a very low level (note also the electrical noise in our
readings).

To further investigate the best experimental parameters
for nonreciprocal amplification, we have also scanned the
control field power from 7.6 to 19.1 mW under a pump field
power fixed at 55.0 mW. The measured transmission results
are shown in Fig. 3(c). The highest forward transmission of
433.5 is seen to occur for a control field power at 12.0 mW,
with the associated Rabi frequency Q. = 2z x 52 MHz,
slightly larger than Q; = 2z x 41 MHz. This is interesting

because the energy eigenvalues E’; L and Eg .. of the dressed
states would suggest that optimal amplification occurs at
Q. = Q,. To better understand this observation, we have
also carried out theoretical simulations to include the
propagation effects. For these three fields, their propagation
can be described by 0Q,(z)/0z = —k,Im[y;;(z)] (n stands
for ¢, p, or d). In this regard, it is necessary to note that in
our system the transition dipole moment of the control field
is larger than that of the pump field, and that the rate of
spontaneous emission from state |4) to state |1) is larger
than that from state |4) to state |2). As shown in Fig. 4, the
absorption of the control field becomes stronger than that of
the pump field due to propagation, thus indeed requiring
that the input control field power be slightly larger than that
of the pump field to yield an optimal amplification.

We have also measured temperature effects on nonre-
ciprocal amplification. The transmission versus temper-
ature with all field strengths fixed at a particular set of
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FIG. 4. Rabi frequencies of three laser fields versus propagation
length. The input Rabi frequencies of the probe, control,
and pump fields are 27z x 0.5 MHz, 27 x 60 MHz, and
27 x 41 MHz, respectively. Other parameters are the same as
in Fig. 2.

values is presented in Fig. 3(d). It is observed that as the
temperature increases from 65°C to 85°C, the forward
transmission first increases rapidly but then drops slightly
when the temperature is beyond 80 °C. To understand this
result, we note that an increase in temperature results in an
increase of the atomic density of our medium (from 4.9 x
107 /m? to 2.2 x 10'®/m?), which is equivalent to an
increase in the optical propagation length. Referring again
to Fig. 4, the effective pump field strength in the medium
can become much larger than that of the control field when
the propagation length is sufficiently large. This then leads
to atomic populations almost exclusively in the state |1),
thus yielding saturation in the amplification. Moreover, a
higher atomic density due to the increase in temperature
leads to more frequent collisions and hence more severe
decoherence, thereby causing amplification to degrade.
Considering all the observations made above and given
the current constraints in our experimental platform, the
best we have experimentally achieved is a forward ampli-
fication of 26 dB [i.e., 10log(T ;)] together with a back-
ward suppression of 30 dB [i.e., —101log(7,)] (calculated
from an averaged backward transmission). Furthermore, all
our experimental results are found to be well fitted by our
theoretical model [see dashed lines in Figs. 3(b)-3(d)]
using one reasonable set of system parameters and includ-
ing broadening effects that are assumed to be proportional
to the atomic density of the medium. We also comment
on the performance of our system near the quantum noise
limit, where the main noise comes from the spontaneous
emission [44]. Following the standard Heisenberg-
Langevin approach [45], we theoretically obtained the
spontaneous emission noise amplification factor using
our experimental parameters. It is found that the obtained
noise amplification factor is larger than the signal
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amplification factor under near-resonance conditions. Thus
our system may have limitations when amplifying very
weak quantum optical signals.

In summary, we have presented here both theory and a
straightforward experimental realization of nonreciprocal
amplification using four-level hot atoms. Our approach is
motivated by clear physical insights, and it is robust and
easy to implement. We have demonstrated magnet-free
optical nonreciprocity, with 26 dB forward amplification
and 30 dB backward isolation. Different from previous
experiments for nonreciprocal amplification of optical
wave with a cavity optomechanical system [36,37], our
realization exploited hot atoms and there is no need for a
high-Q factor cavity. We are also optimistic about the
potential of our approach towards miniaturization and
integration, considering that the length of the Rb cell
can be reduced to nanometers without losing important
quantum coherence effect [46] and that hot atoms may be
trapped in one-dimensional waveguides [47].
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