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O P T I C S

All-optical reversible single-photon isolation  
at room temperature
Ming-Xin Dong1,2, Ke-Yu Xia3,4*, Wei-Hang Zhang1,2, Yi-Chen Yu1,2, Ying-Hao Ye1,2, En-Ze Li1,2, 
Lei Zeng1,2, Dong-Sheng Ding1,2*, Bao-Sen Shi1,2*, Guang-Can Guo1,2, Franco Nori5,6

Nonreciprocal devices operating at the single-photon level are fundamental elements for quantum technologies. 
Because magneto-optical nonreciprocal devices are incompatible for magnetic-sensitive or on-chip quantum in-
formation processing, all-optical nonreciprocal isolation is highly desired, but its realization at the quantum level 
is yet to be accomplished at room temperature. Here, we propose and experimentally demonstrate two 
regimes, using electromagnetically induced transparency (EIT) or a Raman transition, for all-optical isolation 
with warm atoms. We achieve an isolation of 22.52 ± 0.10 dB and an insertion loss of about 1.95 dB for a genuine 
single photon, with bandwidth up to hundreds of megahertz. The Raman regime realized in the same experi-
mental setup enables us to achieve high isolation and low insertion loss for coherent optical fields with re-
versed isolation direction. These realizations of single-photon isolation and coherent light isolation at 
room temperature are promising for simpler reconfiguration of high-speed classical and quantum information 
processing.

INTRODUCTION
In analogy to counterparts widely used in electronic circuits, optical 
nonreciprocal devices, such as isolators and circulators, play a fun-
damental role in modern optical communications and now are even 
crucial for quantum information processing (1). Single photons are 
ideal for encoding and transporting quantum information, thanks 
to the no-cloning theorem of quantum mechanics (2). In this re-
gard, a nonreciprocal photonic device operating at the single-photon 
level is highly desirable as a building block for quantum informa-
tion processing, quantum networks (1, 3, 4), quantum transistors 
(5), quantum routers (6), and quantum computation (7).

To achieve optical nonreciprocity (ONR), one needs to break 
Lorentz reciprocity (8–10). Conventionally, ONR can be achieved 
with bulky magneto-optical materials and a strong external mag-
netic field, thus incompatible with on-chip systems and magnetic- 
sensitive quantum information processing. The alternative approach 
based on nonlinearity has been attempted for decades (10). Howev-
er, these nonlinear nonreciprocal devices are not suitable for a weak 
field because of dynamic reciprocity (11). Other all-optical ap-
proaches using optomechanics (12–15), phonon-induced Brillouin 
scattering (16), and parity-time symmetry broken systems (17–20) 
have been reported. Despite its success for classical fields, the thermal 
phononic excitation in optomechanical systems (21, 22) or material 
gain in parity-time symmetry breaking cause strong noise and destroy 
the quantum nature of single photons. Recently, atomic systems 

(23–30) and chiral quantum optical systems (1, 31, 32) have also 
been exploited to achieve photon isolation. Although many efforts 
have been devoted to photonic isolation at the quantum level 
(1, 23–29, 32–34), the experimental realization of all-optical isola-
tion for both genuine single photons and classic fields is still ex-
tremely challenging, in particular, at room temperature.

Electromagnetically induced transparency (EIT) (35, 36) has 
been a powerful tool for manipulating quantum fields, such as the 
memory of nonclassical fields (37, 38). Here, we report an experi-
mental realization of a single-photon ONR and coherent light isola-
tion by using atomic EIT and Raman regimes, respectively, at room 
temperature without applying a magnetic field. The input single 
photons maintain their quantum nature with high transmission in 
the chosen transparent direction. In contrast, the unwanted back 
reflection is mostly completely blocked. In addition, we observe a 
direction-reversible ONR for the EIT and Raman regimes. The 
demonstration of all-optical ONR for single photons, as well as the 
reversible ONR transmission, paves the way toward reconfigurable 
nonreciprocal information processing.

Experimental setup
As schematically depicted in Fig. 1A, we create a nonreciprocal op-
tical system using a thermal atomic ensemble in a ladder-type con-
figuration in which the signal field p couples to the atomic 
transition of ∣1⟩ → ∣2⟩ with a detuning p, and the control field 
c drives the transition ∣2⟩ → ∣3⟩ with a detuning c (not shown 
in Fig. 1A). Here, p and c denote the Rabi frequencies of the sig-
nal and control fields, respectively. The relevant quantum states 
∣1⟩, ∣2⟩, and ∣3⟩ correspond to the 85Rb atomic levels 5S1/2(F = 3), 
5P3/2(F′ = 3), and 5D5/2(F′′ = 4), respectively. Because of the micro-
scopic Doppler effect of atoms, the signal and control fields are both 
subject to a direction-dependent Doppler frequency shift seen by 
the warm atoms. We denote the forward (backward) propagation as 
the transmission of photons from port 1 (2) to port 2 (1); mean-
while, the photons counter-propagate (co-propagate) with a right-
to-left propagating control field, as shown in Fig. 1B. In the forward 
case, an atom always “sees” the signal and control fields with 
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opposite Doppler frequency shifts. For example, a left-moving atom 
at velocity v may couple to the forward-propagating signal field 
with a Doppler shift of +kpv, but to the control field with shift −kcv, 
where kp (kc) is the wave vector amplitude of the signal (control) 
field, kp ≈ kc, and v is the randomly distributed velocity of atoms. In 
our experiment using room temperature Rb atoms, the difference 
∣(kp − kc)v∣ is a few megahertz much smaller than the Doppler 
broadening. We neglect its effect on the two-photon detuning. For 
simplicity, we take kp = kc = k.

Generally, EIT can be interpreted as a result of the cancellation 
of single-photon absorption by quantum destructive interference of 
two transition pathways between the level ∣1⟩ and two dressed 
states consisting of levels ∣2⟩ and ∣3⟩, which are driven by a strong 
resonant control field. In the EIT regime, we take ∣c∣ ≫ ∣p∣, 
and c = − p, as shown in Fig. 1A. The Doppler shifts of the 
near-resonant signal and control fields have opposite signs in the 
forward-propagation case. Their impact on two-photon detuning 
 = p + c is cancelled. Thus, the overall two-photon detuning 
is negligible in this ladder-type configuration, and our system is al-
most Doppler-free for the forward signal. In this case, quantum in-
terference between two transition pathways is destructive, disabling 
the single-photon absorption. The absorptive atoms become nearly 
transparent to the resonant signal and EIT occurs (39). In contrast, 
in the backward case, the signal and control fields undergo the same 
Doppler shift because they propagate in the same direction. Thus, 
the two-photon transition is detuned by 2kv, far away from the 
two-photon resonance. The quantum interference is too weak. 
Therefore, hot atoms block the propagation of the backward-moving  
signal.

The Raman regime (see Fig. 4A) provides a different mechanism 
for achieving ONR. In the Raman regime, the single-photon detun-
ings, c and p, are larger than the atomic Doppler broadening. 
Thus, the single-photon absorption of the signal is negligible, but 
the two-photon absorption becomes dominant via Raman transi-
tions. In contrast to the EIT regime, when the Doppler shifts of the 
signal and control fields cancel each other, the signal field is subject to 
two-photon resonance absorption in the Raman regime. In the back-
ward case, the Doppler effect breaks the two-photon resonance condition. 
As a result, the signal can pass through atoms with little absorption. Using 

such chiral two-photon resonance configuration, we can reverse the 
ONR with respect to the EIT regime. Note that an alternating- current 
(AC) Stark shift  resulting from the strong control field needs to be 
taken into account in the Raman regime. In the experiments, we 
adjust the control field frequency to c = −p + , to compensate 
for the AC Stark shift such that the effective two-photon detuning is 
vanishing small. Without the offset  from −p, the two-photon 
resonance condition may break when the control field is too strong.

Theoretical model
The chiral response of hot atoms to the signal field under the auxil-
iary control laser light can be used to break Lorentz reciprocity. To 
further characterize this ONR, we derive the susceptibilities, fw and 
bw, for the forward and backward propagation cases by solving the 
steady-state solution of the master equation, obtaining

     fw   =  ∫−∞  
+∞

      
iN(v )   21  2   / (ℏ    0  )

  ─────────────  
   21   − i(    p   + kv ) +      c  

2  / 4 _    31   − i 
   dv  (1)

     bw   =  ∫−∞  
+∞

      
iN(v )   21  2   / (ℏ    0  )

  ────────────────   
   21   − i(    p   − kv ) +      c  

2  / 4 _    31   − i( − 2kv) 
   dv  (2)

where  = p + c is the two-photon detuning,  N(v ) =  N  0    e   − v   2 / u   2   / (u  √ 
_

   )  
denotes the velocity distribution of atoms, u is the most probable 
velocity, and N0 is the density of atoms. In addition, 21 is the corre-
sponding dipole moment of the ∣1⟩ → ∣2⟩ transition, and 21 (31) 
is the dephasing rate between levels ∣2⟩ and ∣1⟩ (∣3⟩ and ∣1⟩).

Here, we consider that the signal field only causes a weak pertur-
bation to the atoms in comparison with the strong control field that 
forces atoms to be primarily populated in the state ∣1⟩. This prereq-
uisite is reasonable when the control field is much stronger than the 
signal field, i.e., ∣c∣ ≫ ∣p∣. Clearly, the susceptibility of atoms 
is chiral for oppositely propagating signal fields, leading to com-
pletely different transmissions, Tfw and Tbw, in the forward and 
backward propagation cases (see Materials and Methods).
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Fig. 1. Schematic energy-level diagram and experimental setup for room temperature all-optical isolation. (A) Level diagrams of the ladder-type atomic configu-
rations for the EIT regime in the forward and backward cases, corresponding to Doppler-free and Doppler-broadened cases, respectively. The two-photon resonance 
condition holds in the forward case, whereas the two-photon transition is far off-resonance in the backward case. The wavelengths of the signal and control field are 780 and 
776 nm, respectively. (B) Experimental setup. PBS, polarization beam splitter. The signals are sent to the nonreciprocal device along two opposite directions to demon-
strate the single-photon and classical ONR, for the EIT and Raman regimes, respectively.
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RESULTS
Single-photon ONR based on the EIT regime
The ONR for genuine single photons is implemented by using the 
experimental setup shown in Fig. 1B. First, we prepare a single S2 
photon heralded by the detection of the S1 photon (see Materials 
and Methods for more details) through a spontaneous four-wave 
mixing (SFWM) (40, 41) process in a cold atomic ensemble. The 
signal photons and the control field are both focused by a lens with 
a focal length of 300 mm onto the vapor cell. The beam waist for 
both the signal and control fields is 0 ∼100 m. To obtain enough 
power for the control field, we place a tapered amplifier (TA) after a 
776-nm diode laser. A tilted 780-nm bandpass filter (Semrock 
LL01-780-12.5), depicted in Fig. 1B, is subsequently used to work as 
a 776-nm filter to reduce the residual 780-nm laser in the control 
field induced by the amplified spontaneous emission of the TA.  
Furthermore, before the signal going to the detector, two 780-nm 
bandpass filters and two homemade Fabry-Perot etalons (50% 
transmittance and 500 MHz bandwidth) are inserted for further fre-
quency filtering. Thanks to the distinguishable wavelength difference, 
780 − 776 = 4 nm, between the signal and control field, the signal 
can be easily filtered out from the noise caused by the control field.

To evaluate the performance of ONR based on EIT, we first mea-
sure the transmission spectra in the forward and backward cases by 
scanning the detuning of the signal from −2 × 1000 to +2 × 1000 MHz, 
as depicted in Fig. 2 (A and B). To do this, we use a weak coherent 
light as input. The temperature of the atomic vapor is set to be 48° C, 
for example. Because the focused control field is nonuniform in the 
vapor cell, it is hard to match the spatial mode of the signal and 
control field perfectly in experiments (42). Thus, for simplicity, we 

estimate the Rabi frequency of the control field at the central of the 
vapor cell. We observe a high transmission contrast as long as the 
signal is resonant with the transition ∣1⟩ → ∣2⟩ and obtain ONR 
with a bandwidth of about 2 × 200 MHz (see Fig. 2, A and B).

To test the quantum character of nonclassical fields working un-
der the EIT condition (37, 38) in the ONR process, we input the 
heralded single photons with zero detuning, i.e., p = 0, and 
measure the normalized second-order cross-correlated function 
  g S1,S2  (2)  ()  in the forward and backward propagation cases. This func-
tion is defined as    g S1,S2  (2)  ( ) = 〈    ̂  a   S1  †  (t )    ̂  a   S2  †  (t +  )    ̂  a    S2  (t +  )    ̂  a    S1  (t ) 〉 /  [  〈    ̂  a   S1  †  
(t )    ̂  a    S1  (t ) 〉〈    ̂  a   S2  †  (t +  )    ̂  a    S2  (t +  ) 〉 ]    , where     ̂  a   S1  †  (t)     (      ̂  a   S2  †  (t +  )  )     and     ̂  a    S1  (t)   
(   ̂  a    S2  (t +  ) )  denote the photon creation and annihilation operators 
for the S1 (S2) photon at time t (t + ), respectively. This formula 
describes the conditional probability when the S1 photon is detected 
at moment t, and the S2 photon will be detected at t + , revealing 
the time correlation of the photon sources (43). The measured 
  g S1,S2  (2)  ()  of the transmitted photons in the forward (red line) and 
backward (blue line) cases are shown in Fig. 2C, where the obtained 
maximum bandwidth of the single photon pulses directly gener-
ated from the cold atoms is ∼40 MHz. We evaluate the forward 
transmission as Tfw = CCfw/CCin and the isolation as Ibw = −10 log 
(CCbw/CCfw). Here, CCin and CCfw (CCbw) represent the total inte-
gral coincidence counts for the initial input signal field and that 
after forward (backward) propagation, respectively. We obtain Tfw = 
63.8 ± 1.5% and Ibw = 22.52 ± 0.10 dB. The isolation contrast, given 
by  = (CCfw − CCbw)/(CCfw + CCbw) between these two cases, is 
98.88 ± 0.03%, revealing a strong single-photon ONR in this regime.

Figure 2D shows the second-order cross-correlated functions of 
the input signal photon (red line) and the noise (blue line). The 
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Fig. 2. Single-photon ONR working in the EIT regime. (A and B) The measured forward (backward) transmission spectra of the signal as a function of the signal detun-
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atomic vapor and the noise (blue curve). (E) and (F) show the forward transmission, backward transmission, and isolation contrast versus the power of the control field 
(T = 48°C) and the temperature of atomic vapor (Pc = 100 mW), respectively, when p = 0. The solid curves are the theoretical fits using Eq. 5. The error bars are estimated 
from Poisson statistics and represent a ±1 SD.
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accidental coincidence from noise is measured to be 0.1%, by block-
ing the signal while keeping the applied control field. To evaluate 
the effect of noise on the quantum nature of single photons, we fur-
ther measure a heralded autocorrelation parameter  by conducting 
a Hanbury-Brown-Twiss experiment. The parameter  can be used 
to benchmark the single-photon property, as defined in Materials 
and Methods. We obtain  = 0.031 ± 0.002 for the input-heralded 
single photons and  = 0.071 ± 0.006 for photons passing through 
the nonreciprocal system in the forward direction. This means that 
the single-photon property is preserved in this case. Here, the in-
crease in  is mainly caused by the attenuation of single photons. In 
addition, we calculate the Cauchy-Schwarz inequality (44–46) fac-
tor R (see Materials and Methods) to study the variation of the non-
classical correlation between the signal and trigger photons in the 
nonreciprocal process. The nonclassical correlation of two photons 
is R = 5.11 × 103 in the forward case, clearly violating the Cauchy- 
Schwarz inequality. In stark contrast, we have R = 0.56 in the back-
ward case, indicating the breaking of the nonclassical correlation. 
Hence, the quantum nature of single photons is maintained in the 
forward case, while it is completely obliterated when entering the 
atomic vapor in the opposite direction.

The forward and backward transmissions versus the power of 
the control field are shown in Fig.  2E. The forward transmission 
increases first quickly and then approaches saturation as the control 
field power Pc increases. As expected, the backward transmission 
remains negligibly small. Limited by the experimentally available 
control field power up to Pc = 100 mW, the maximal forward trans-
mission is measured to be ∼63.8%, corresponding to an insertion loss 
of −10 log (Tfw) = 1.95 dB. Theoretically, the forward transmission 
can be improved by applying a stronger control field. For example, 

the transmission Tfw can reach 80% when Pc = 200 mW, reducing 
the insertion loss to ∼1 dB.

Figure 2F shows the transmission as a function of the tempera-
ture of the atomic vapor when Pc = 100 mW. Both of the forward 
and backward transmissions decrease with increasing temperature. 
This temperature dependence is also well fit theoretically. It can be 
seen that the forward transmission and the isolation contrast are high 
over the temperature range between 40°C and 50°C.

Furthermore, we investigate the ONR bandwidth for a single- 
photon input. We modulate the coherent time of heralded single 
photons, i.e., photon’s bandwidth through a fiber electro-optic 
modulator (EOM) controlled by the arbitrary function generators 
(Tektronix, AFG3252) triggered by the detection of the S1 photon 
(47). By changing the duty cycle of the transistor-transistor-logic 
signals from the function generators, the single-photon bandwidth 
is changed, as shown in Fig. 3  (A and B). In our experiment, the 
single-photon bandwidth p can be tuned between 13.2 and 97.2 MHz. 
The available maximum single-photon bandwidth is mainly limited 
by the rising time of the electric pulse produced by the function 
generator. Under this circumstance, we investigate the single-photon 
ONR with different bandwidth (see Fig. 3C). We observe a high iso-
lation contrast even when the single-photon bandwidth is about 
100  MHz. The theoretical calculation (dashed curves) is in good 
agreement with experimental observations.

As shown in the pink EIT region of Fig. 3D, the theoretical re-
sults indicate a 500-MHz bandwidth single-photon transmission 
ONR window. Both our experimental observations and theoretical 
model demonstrate a strong ONR for single photons with a bandwidth 
of hundreds of megahertz, allowing high-speed nonreciprocal quan-
tum information processing.

Reversed ONR in the Raman regime
In recent decades, the Doppler-free two-photon transition process 
(48) has attracted considerable interest for many applications in 
atomic spectroscopy. Here, we exploit chiral two-photon absorp-
tion processes, i.e., Raman transitions (49, 50), together with the 
Doppler effect to achieve ONR. The Raman regime shown in Fig. 4A 
can realize ONR as follows. The signal is detuned from the corre-
sponding single-photon transition by p = 2 × 956 MHz, larger 
than the atomic Doppler broadening /2 = 2 × 600 MHz. Without 
a control field, the one-photon absorption of the signal is negligible. 
Thus, the atomic vapor is nearly transparent to the signal in both 
the forward and backward cases.

Then, we consider a right-to-left moving control field driving 
the transition between levels ∣2⟩ and ∣3⟩. Because of the Doppler 
effect, this unidirectional control field allows a chiral two-photon 
absorption of the signal field, causing a nonreciprocal signal trans-
mission. Note that the control field with Rabi frequency c and 
detuning c induces an AC Stark shift  to levels ∣2⟩ and ∣3⟩ (51). 
Without considering this shift, the two-photon resonance requires 
c = − p.

Now, we consider the AC Stark effect. To a good approximation, 
this AC Stark shift can be estimated as   =   c  

2  / 4    p   , about few 
tens of megahertz (51). This shift adds an additional detuning  to 
the two-photon resonance condition. Thus, it can reduce the two- 
photon absorption in the forward case and subsequently decrease 
the isolation contrast. To eliminate the detrimental effect of the AC 
Stark shift on the performance of the ONR, we slightly adjust the 
control field frequency such that c = −p +  in both the forward 
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and backward cases (see Fig. 4A). In doing so, we improve the iso-
lation contrast as desired. We also apply ∣c∣≫∣p∣ so that the 
level ∣1⟩ is primarily populated. Then, we consider that the signal 
induces a weak perturbation to atoms and derive the analytic forms 
of the susceptibilities given in Eqs. 1 and 2 using perturbation theo-
ry. Our theoretical model predicts nonreciprocal transmission of 
the signal (see Fig. 4B). Its validity is proved by the good agreement 
between the theoretical results and the experimental data shown 
in Fig. 4C.

In the forward case, the control field propagates along the oppo-
site direction of the signal. We offset the control field frequency 
such that c = − p +  to satisfy the effective two-photon reso-
nance between states ∣1⟩ and ∣3⟩. In this case, the Doppler shifts of 
the control and signal fields cancel each other. The control field c 
strongly modifies the atomic susceptibility fw in Eq. 1 and subse-
quently causes a two-photon near-resonance absorption of the sig-
nal field (see the red curve in Fig. 4B). In contrast, the control field 
co-propagates with the signal field in the backward case. The Doppler 
effect results in a large two-photon detuning 2kv in fw (see Eq. 2). 
This large detuning greatly suppresses the modulation of the con-
trol field in the susceptibility fw and prevents the signal from the 
two-photon absorption. Hence, the signal can pass through the 
atomic vapor with high transmission (see the blue curve in Fig. 4B).

The theoretical transmission spectra as a function of single-photon 
detuning in these two cases are shown in Fig. 4B. According to 
Eq. 5, the signal in the backward case can transmit through atoms 
with a fractional loss because both the single-photon and two-photon 
transitions are far-detuned from the atomic transition. Different 
from the backward case, a transmission dip appears around p = 

2 × 956 MHz in the forward case due to the Raman absorption 
caused by the resonant two-photon transition. Therefore, a strong 
ONR is obtained in the vicinity of p = 2 × 956 MHz, but with a 
reversed ONR direction compared to the EIT regime.

In the following, we compare the nonreciprocal behavior of the 
Raman and EIT regimes by using a weak coherent light as input. As 
shown in Fig. 4C, the ONR in the Raman regime is reversed in com-
parison with the EIT regime. For example, when Pc = 100 mW, the 
signal in the EIT regime can transmit from port 1 to port 2 and is 
blocked in the opposite direction. On the contrary, the transmission 
from port 2 to port 1 is large and the opposite transmission is low in 
the Raman regime. Note that ONR based on the EIT and Raman 
regimes are induced by the thermal motion of atoms. In both re-
gimes, the forward-moving signal and unidirectional control field 
satisfy the two-photon resonance condition. However, the unidi-
rectional control field induces a different optical response of the 
atoms to the forward-moving signal, leading to the opposite ONR.  
Hence, the underlying physical mechanisms in these two regimes 
are different. In the EIT regime, the transparency window results 
from the destructive interference effect. In contrast, in the Raman 
regime, a virtual level is created by the pump of control field with-
out interference effect, resulting in the two-photon-transition ab-
sorption of the signal.

The study of subtle differences between two similar quantum 
optics processes is of great interest in fundamental physics (52). 
Our experiment clarifies how the transition between the EIT and 
Raman regimes affects ONR. This transition is illustrated in Fig. 4D 
as the reversing of the isolation contrast as a function of signal de-
tuning, varying from the Raman regime to the EIT regime and then 
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back to the Raman. The theoretical expectation (solid black curve) 
agrees well with experimental results. The nonreciprocal contrast 
takes a positive sign in the EIT regime but becomes negative in the 
Raman regime. This effect could be applied to control the nonrecip-
rocal directions of the signals by simply tuning the frequency of the 
control field in the same setup.

Double-frequency multiplexed nonreciprocity
Versatile isolators compatible with a wide range of frequency band 
or multifrequency channels are attracting considerable attention 
(53, 54) in optical information processing. As shown in Fig. 5, a 
double-frequency multiplexed ONR is achieved when the frequency 
interval of two signals is ∼2 × 3.036 GHz. Essentially, two two-photon 
transition processes [5S1/2(F = 3) → 5P3/2(F′ = 3)→ 5D5/2(F′′ = 4) 
(low-frequency transition) and 5S1/2(F = 2) → 5P3/2(F′ = 3)→ 
5D5/2(F′′ = 4) (high-frequency transition)] are exploited to realize 
ONR in the EIT regime. The forward transmission and isolation for 
low- and high-frequency signals are {62.4%, 19.1 dB} and {63.5%, 
20 dB}, respectively. Overall, we have realized a frequency-multiplexed 
optical isolation in one channel. This optical isolator can reduce the 
number of nonreciprocal devices and simplify the configuration for 
multicolor signals. This achievement also gives a perspective for 
nonreciprocal devices, working with quantum superposition states 
encoded in different frequencies.

DISCUSSION
In summary, we have experimentally demonstrated magnetic-free 
nonreciprocity for single photons (in the EIT regime) and classical 
fields (in the Raman regime) at room temperature. In the former, 
the quantum nature of a single photon is maintained (broken) in 
the forward (backward) direction. The Raman regime enables us to 
achieve high-performance isolation for a classical field. The demon-
strated magnetic-free and reversible optical isolation at room 
temperature provides a simple building block for reconfigurable 
quantum networks and integrable optical information processing 
for hollow-core optical waveguides (55) or fibers (56) embedded 
with hot atoms.

MATERIALS AND METHODS
Theoretical simulation
The interaction between photons and atoms in the forward and 
backward directions is asymmetric, and the interaction Hamiltonian 
can be written as

                   
  H  int   = −   ℏ ─ 2   (    Ω  p   ∣ 2⟩⟨1 ∣ +  Ω  c   ∣ 3⟩⟨2 ∣ − 2 Δ  1   ∣ 2⟩⟨2 ∣ −  

     
  2( Δ  1   +  Δ  2   ) ∣ 3⟩⟨3 ∣  )   + h . c. 

    (3)

here, p = − 21Ep/ℏ and c = − 32Ec/ℏ. In addition, 21 (31) rep-
resents the dipole moment between states ∣2⟩ (∣3⟩) and ∣1⟩, and Ep 
(Ec) is the amplitude of the signal photons (control field). More-
over, 1 = p ± kv is the single-photon detuning when the signal 
propagates in the forward and backward directions, and 2 = c − kv 
represents the detuning of the control field, where c is set to 
be −p (−p + ) in the EIT (Raman) regime. Then, we can ob-
tain the density matrix element 21 by solving the steady-state solu-
tion of the master equation

    ∂  ─ ∂ t   = −   i ─ ℏ   [  H  int  ,  ] −    1 ─ 2   { , }  (4)

The second term   1 _ 2  { , }  on the right-hand side describes the co-
herence decay of the system. Ultimately, we obtain the respective 
susceptibility fw(bw) formula shown in Eqs. 1 and 2. This asymmet-
ric direction-dependent susceptibility in the forward and backward 
propagation cases induces the nonreciprocity in our scheme. The 
transmission Tfw for the forward and Tbw backward propagation 
cases can be written as

   T  fw(bw)   = Exp { − 2Im [ (   p   / c ) (1 +    fw(bw)   / 2 ) ]  L  eff  }  (5)

where p is the frequency of the photon, c is the speed of light in 
vacuum, and Leff is the vapor cell effective length.

Generation of a heralded single photon
A pair of nonclassical correlated photons called anti-Stokes and 
Stokes photons (labeled S1 and S2) are generated through an SFWM 
process in cold 85Rb atoms. Here, two pump laser beams P1 and P2 
are controlled by two acousto-optic modulators modulated by arbi-
trary function generators (Tektronix, AFG3252) in which the P1 
couples the transition 5S1/2(F = 3) → 5P1/2(F′ = 3) with detuning 2 × 
70 MHz, and P2 is resonant with the atomic transition 5S1/2(F = 2) → 
5P3/2(F′ = 3). The cold atoms with an optical depth of 10 are trapped 
in a two-dimensional magneto-optical trap (MOT). The experi-
mental repetition rate is 100 Hz, and the experimental window is 
1.3 ms, during which the MOT magnetic field is switched off com-
pletely. The P1 and P2 with orthogonal polarization counter-propagate 
collinearly through the atomic cloud, and hence, their respective 
signal fields are collinear according to the phase-matching condi-
tion, kp1 − kS1 = kp2 − kS2, in the SFWM process, as in our previous 
work (43). The photons S1 and S2 are collected at an angle of 3° with 
respect to the pump lasers, and two lenses with a focal length of 
300 mm are used to couple the signal fields into their respective 
single-mode fibers. The S1 photon is detected by a single-photon 
detector (avalanche diode, PerkinElmer SPCM-AQR-16-FC; 60% 
efficiency, maximum dark count rate of 25/s), and the heralded single- 
photon S2 is prepared for the further demonstration of the single- 
photon ONR, which is ultimately measured by the single-photon 
detector. The signals from the two detectors are ultimately sent to a 
time-correlated single-photon counting system (TimeHarp 260) to 
measure their time-correlated function.
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Fig. 5. Double-frequency multiplexed ONR. The nonreciprocal transmission for 
double-frequency signals with a frequency interval of 2 × 3.036 GHz.
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Characterization of the heralded single-photon
Generally, classical light usually satisfies the Cauchy-Schwarz inequal-
ity (46) as follows:  R =   [    g S1,S2  (2)  ( )  ]     2  /  g S1,S1  (2)    g S2,S2  (2)   ≤ 1 , where   g S1,S2  (2)  ()  
is the second-order cross-correlation function, and  is the relative 
time delay between signals 1 and 2. Here,   g S1,S1  (2)    and   g S2,S2  (2)    are the 
autocorrelation functions of signals 1 and 2, respectively. If R > 1, 
the photons are nonclassically correlated, which violates the Cauchy- 
Schwarz inequality.

The heralded autocorrelation parameter  is usually used to 
characterize the nature of single-photon sources, which can be written 
as (57)  = P1P123/P12P13, where P1 is the count of S1 photons. The 
S2 photon is separated into two equal parts by a fiber beam splitter, 
and P12 (P13) is the twofold coincidence count between anti-Stokes 
photon and the corresponding separated Stokes photons. In addi-
tion, P123 is the threefold coincidence count. For a classical field,  > 1. 
For an ideal single-photon source,  = 0, and  = 0.5 corresponds to 
a two-photon state. Therefore,  < 0.5 suggests a near-single-photon 
character.
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