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SUPPLEMENTARY NOTE 1 - EXPERIMENTAL SETUP

A. Setup for free space non-reciprocity

The experimental setup without a cavity is shown in Supplementary Fig. 1(a). A 75 mm glass vapor cell filling with
pure 8"Rb atoms is wrapped by a soft heater, and its temperature is stabilized by a temperature controller (Thorlabs,
TC200) with a uncertainty less than 0.1°C. Similar setup for the cavity and vapor cell system can be found in Ref. [1].
A kit of polarization components including a half waveplate (HWP), a polarization beamsplitter (PBS) and a quarter
waveplate (QWP) is employed to control the polarization of the drive laser to be nearly-perfect o™-polarization.
Shown as green paths in Supplementary Fig. 1(a), the drive laser resonant with the Dstransition |525'1 2, F'= 2> —
|52P3 2, F' = 3> is injected into the glass vapor cell forwardly from Port 1 — Port 2. The circularly polarized laser
drives the atoms and initializes atoms to the Zeeman sub-energy level at ‘5251 s =2, mp = —|—2>, which could be
treated as magnetized optical medium. Therefore, the laser could realize the optically-induced magnetization (OIM)
along the laser propagation direction. However, due to inhomogeneous broadening of the atom ensemble induced
by Doppler effect, the drive laser could also induce the transition from ground states to |52P3 2, F' = 2>7 and then
sequentially the excited atoms could decay to the dark state |5251 2 F'= 1> via the spontaneous emission. After that,
these atoms are absent in the interaction with signal and drive lasers, thus the drive laser could effectively reduce the
density of atoms that participating in the light-matter interaction. To enhance the effective atom density at a low
temperature, an additional repump laser resonant with the transition ‘5251 12, F= 1> — ‘52P3 2, F' = 2> is combined
with the drive laser to repump the atoms in the dark state back to the active states, as shown in Supplementary
Fig. 1(b). Both circularly and linearly polarized repump lasers are useful and available in our experiments, but we
choose the polarization of the repump to be the same as the drive laser to simplify the experimental apparatus. Note
that we fix the power ratio of drive and repump lasers at about 3 : 1.

The weak signal laser scanning across the D;transition of 3" Rb is injected into the system through two ports (Port 1
and Port 2), as shown in Supplementary Fig. 1(a). From Port 1, the horizontally polarized signal from a polarization-
maintaining (PM) fiber is collimated by collimator C; and converted to ot polarization by a polarization kit. A
beamsplitter (BS) is employed to combine the drive and signal lasers. After transmitting through the glass vapor
cell, both the drive and signal lasers are altered to vertical polarization, shown as the blue arrows in Supplementary
Fig. 1(a). Due to the atomic population transfer under OIM, the o dipole transition of 8"Rb is forbidden for signal
light and the transmitted signal can be detected subsequently by a photodetector (Ds), before which the drive laser
is rejected by cascaded interference band-pass filters (Union Optic, ITF9125-795nm). In contrast, the signal laser
injected to Port 2 (shown as red arrows in Supplementary Fig. 1(a)) is vertically polarized and can be converted to o~
polarization by the same polarization kit without changing the angle of waveplates. Since the o~ dipole transition is
allowed, the signal could interact with the atomic medium and experience absorption loss, and eventually the power
of the transmitted signal detected by photodetector D; is extremely weak signal.

For the free space case, the isolation ratio I (dB) is defined as

I=10log THQ, (1)
T2~>1

where T7_,5 is the transmission laser power from Port 1 — Port 2 and T5_,; corresponds to that of the opposite

direction. In our experiments, the weak transmitted signal T5_,; is detected with the assistance of a lock-in amplifier

(Zurich Instruments, MFLI 500kHz) for an enhanced signal-to-noise ratio (SNR). In the free space experiments, the

input signal power is about 1 W while the drive and repump powers are around 100 mW and 30 mW, respectively.

B. Setup and additional results for cavity-enhanced non-reciprocity

Supplementary Fig. 2(a) depicts the experimental setup for realizing the cavity-enhanced non-reciprocity. We build
a traveling-wave Fabry-Perot (FP) cavity by four mirrors, which composes of two mirrors with reflectivities of 91.8 %
(M1) and 99.6 % (M2) respectively, and two mirrors with the reflectivity of 99.9% (M3, M4). The measured free
spectral range (FSR) and linewidth of the bare cavity are 515 MHz and 7.3 MHz, respectively, which indicate a cavity
length of ~ 582 mm and a finesse of ~ 70. After placing a glass vapor cell into the cavity, the finesse reduces to ~ 20 due
to the absorption and scattering losses by the atomic medium and glass windows. The detailed calibration of the cavity
parameters is provided in the Section B. A piezoelectric transducer (PZT) is mounted on M4 to control and stabilize
the cavity length, so that we can lock it to the drive laser by a feedback loop. Two external cavity diode laser sources
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Supplementary Figure 1. Setup for realizing the free space non-reciprocity. (a) The experimental setup for studying
the OIM-based non-reciprocity without cavity. The pink lines denote the optical paths of the signal laser while the green
lines denote the paths of the drive laser. D1,D2: photodetectors; C1,2, collimators; A\/2: half waveplate (HWP); \/4: quarter

waveplate (QWP); BS: beamsplitter; PBS: polarization beamsplitter; FL: cascaded filters. (b) The detailed energy level
diagram of the atoms. The green arrow resonant with the transition |525'1/27 F = 2> — |52P3/27 F' = 3> indicates the drive

laser, while the jade-green arrow corresponds to the repump laser, which is resonant with the transition |5251 s2, = 1> —
‘52P3 /2, F = 2>. By the drive and repump lasers, the population of atom ensemble could be polarized to the Zeeman sub-
energy level |5251 /2, F'=2, mp = +2>, therefore only the o~ dipole transition is available (red arrow) while the o™ dipole
transition is forbidden (blue dashed arrow), which eventually breaks the time-reversal symmetry of the signal. (c) The spectrum
of broadband isolation by hot atom ensemble due to optically-induced magnetization, based on the setup in (a) without the
cavity. A maximum isolation ratio of 30.3t81§ dB and 29.6f8:g dB is observed for 3’Rb and 8°Rb, respectively. The dash
line indicates the 20 dB isolation ratio, and the corresponding 20 dB-isolation bandwidth for ¥ Rb and 8Rb are 740 MHz and
900 MHz, respectively. (d) The corresponding transmission spectra for 3’ Rb and ®*Rb hot atom ensemble, respectively.

provide the drive and signal light. The drive laser is locked to the transition |5%S; /5, F' = 2) — |52P5/5, F’ = 3) by
the saturated absorption spectrum (SAS) and the signal laser scans across the Djtransition of ’Rb. The two lasers
are coupled to the cavity through a selected port, and the beam profiles are adjusted via two lenses with the same
focal length of 25 mm to match the fundamental mode of the FP cavity, as shown in Supplementary Fig. 2(a). For a
better calibration of the system isolation ratio, we measure the o+ and o~ spectra from the same direction instead
of measuring the spectra from two ports as shown in Supplementary Fig. 2(b). This is because that for weak signal
coupling with the cavity, the transmission should be the same for both forward and backward direction (see Sect. B
for details). However, the calibration of the forward and backward optical paths is difficult due to different optical
components are employed in different paths. By adjusting the angle of waveplate Q; in Supplementary Fig.2(a), both
oT and o~ signal transmission can be detected from Port 1 — Port 2 due to the symmetry of the circularly polarized
laser. Therefore, the isolation ratio I for the case with a cavity case can be written as

T
I=10log T—* (2)
where T (_y corresponds to the ot(=)polarized input signal laser.

Similar to the free space case, drive and repump lasers of the cavity-enhanced non-reciprocity are near-resonant
with the two transitions of 8"Rb Ds line, and atoms can be polarized to the Zeeman sub-energy level 525, 12, B =
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Supplementary Figure 2. Detailed experimental setup for cavity-enhanced non-reciprocity. (a) The experiment setup
of the system with a traveling-wave cavity. Similar to the free space setup, the pink lines show the free space optical paths
of the signal laser while the green lines indicate the drive laser. The drive and signal lasers are coupled to the cavity via PM
fibers. L1,1.2: the mode-matching lenses with the focal length of 25mm; H1,H2: half waveplates; Q1,Q2,Q3: quarter waveplates;
BS: beamsplitter; PBS: polarization beamsplitter; M1, M2, M3, M4: the four mirrors of the cavity; D1,D2: photodetectors.
Corresponding to the different signal power, photodetectors can be replaced by photodiodes, avalanche diodes and single photon
detectors, respectively. (b) and (c) indicate the schemes of measurement setup. Instead of the scheme (b), we choose scheme
(c) in which we measure both the ot and ¢~ spectra from the same direction by changing the angle of quarter waveplates.
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Supplementary Figure 3. The additional experimental results on the isolation performance against the vapor cell
temperature. (a) The maximum isolation ratio I (orange) and the isolation linewidth (blue) at different temperatures. (b)
The transmitted signal power T4 (blue) and the corresponding drive laser power Parive (green) for obtaining the isolation ratios
I in (a).

2, mp = +2 under OIM. To study the dependence of I on the drive power, we vary the drive laser power from 15 mW
to 70 mW, with a step of 5mW. The ratio between drive and repump laser powers is fixed at 5 : 1, while the signal
laser power is 50 uW. The results are summarized in Fig.3 in the main text, where the transmitted signal power
Ty (—y is detected with a lock-in amplifier.

We also characterized the dependence of cavity-enhanced isolation performance on the temperature. The isolation
ratio I (orange spots) and linewidth (blue spots) against temperature are summarized in Supplementary Fig. 3(a).
Here, the linewidth is defined as the full-width-at-half-maximum (FWHM) for the cavity-allowed transmitted signal
(oT-polarized). When temperature increases, the isolation ratio I defined by Supplementary Eq. (3) increases because
the transmission of o~ -polarized signal laser could be greatly reduced by the atomic absorption. The maximum
isolation ratio I = 45.3dB is obtained when the vapor cell temperature approaches 65 °C, hence the results shown in
Fig. 3 in the main text are collected under this condition. In Supplementary Fig. 3, the trends of increasing I and
FWHM for a increasing temperature imply the enhanced isolation performance due to larger optical depth and larger
atom absorption for higher atom density in the vapor cell. Note that the results are measured without the assistance
of the lock-in amplifier, thus the SNR is restricted for high isolation ratios, which leads to the saturation of I at high
temperatures.

In the spectra in main text, we could find that the transmission of signal could still be suppressed even when it
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Supplementary Figure 4. The tuning range of the cavity-based isolator. (a) The performance of tunable cavity resonance
for different cavity length, which is controlled by selecting different drive frequencies. The black line above indicates the SAS
of D; transition of 8"Rb as a comparison. The color lines correspond to the T spectra with the drive laser detuning at
0MHz, —200 MHz, —350 MHz and —500 MHz, respectively. (b)-(d) Detailed spectra with the drive detuning at 0 MHz (yellow),
—200MHz (green), and —350 MHz (purple). The solid and dashed lines represent T+ and T_ spectra respectively.

has the same polarization as the drive. The reason is that due to experimental imperfections, there are some residual
atoms populated in other Zeeman sub-energy levels, which can be excited by the o+-polarized signal and thus leads
to absorption of the signal. The imperfections are mainly contributed from three aspects: (1) The imperfection of
the drive laser polarization. (2) The limited power of the drive laser. (3) The atoms fly in the vapor cell, and thus
induce an effective relaxation of the ground spin state. By increasing the optical depth, the residual atomic population
also increases, and therefore T reduces with increasing temperature, as shown by the blue spots in Supplementary
Fig.3(b). The green spots in Supplementary Fig.3(b) indicate the drive laser power (Pgrive) which obtains each
isolation ratio I in Supplementary Fig.3(a). All the results prove that the increase of cell temperature can improve
the isolator ratio, but cause considerable absorption loss and higher power requirement.

In free space, due to the Doppler effect, we can observe an broad bandwidth of non-reciprocity of ~ 400 MHz by
of a room temperature atoms vapor cell. Although the bandwidth of the cavity-based isolation is limited by the
mode linewidth, the cavity mode frequencies are tunable by controlling the cavity length. Therefore, we have also
investigated the tuning range of the cavity-based isolation, as shown in Supplementary Fig. 4. Since the cavity is locked
to the drive laser by a feedback loop, we can demonstrate a tunable cavity-based isolator by adjusting the drive laser
frequency, which could easily achieve a ~ 500 MHz tuning range by a double-pass acoustic-optic modulator (AOM)
frequency shifter and changing the drive laser locking frequency. Supplementary Fig.4(a) shows the typical signal
transmission spectra with the detuning of drive frequency fixed at a relative detuning of 0 MHz, —200 MHz, —350 MHz
and —500 MHz, respectively, and T’y spectra are measured under different drive frequencies. Here, 0 MHz corresponds
to the frequency resonant with the transition 525 2, F=2— 52P /2, F ' = 3, and the black line represents the
frequency reference of D transition. To clarify the isolation effect under different drive laser frequency, the detailed
transmitted T’y _) spectra are indicated in Supplementary Fig.4(b)-(d), where T, (_) corresponds to the signal laser
in ¢7(-) polarization. The drive laser frequencies are fixed at the dutuning of 0 MHz, —200 MHz and —350 MHz,
respectively. Note that the drive laser frequency can be tuned continuously by changing the RF drives on the AOM,
thus we can achieve an exquisite frequency tuning of the isolator.
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Supplementary Figure 5. Quantum statistics measurement. (a) The setup of the pseudo-thermal source and the measure-
ment of ¢ (1) curve in free space. (b) The setup of the pseudo-thermal source and the measurement of g () curve with the
cavity-based isolator. (c) The ¢g‘®)(7) curves of pseudo-thermal signals measured by the apparatus in (a) and (b) with various
rotating speeds. The color spots correspond to the signals transmitted through the cavity-based isolator, while the black dashed
lines represent the g(2>(7') of input signals. The coherent time shown in the figure are fitted by Supplementary Eq. (3). The
rotating velocity indicates the linear velocity at the rim.

SUPPLEMENTARY NOTE 2 - THE CHARACTERIZATION OF QUANTUM STATISTICS

To demonstrate the noiseless property of the OIM-based non-reciprocity, we characterize the quantum statistics,
i.e. second-order correlation function (¢(®)(7), with 7 is the delay time), of the weak signal transmitted through the
device. Since the concept of OIM is intrinsically noiseless, the photon statistics of signal field should be conserved.
For instance, the second-order correlation function of an attenuated coherent signal laser is measured for both input
and output of the cavity-based device, shown as the yellow crosses and gray dotted line in Fig. 5(b) of the main text.
The agreement between input and output curves proves the noiseless properties of the device, but the noise of residual
drive laser is rarely concerned. Therefore, a pseudo-thermal input field is also tested as a further evidence of noiseless
non-reciprocity.

Apparatus of pseudo-thermal sources are shown in Figs. 5(a) and (b). A disk ground glass (G) mounted on a rotator
is employed to generate the pseudo-thermal source. A detailed description of the setup for the pseudo-thermal source
can be found in Ref.[2]. When the input signal transmits the rotating G, both temporal and spatial coherence of
the signal field can be reduced, in which the coherent time is determined by the rotating speed and spot size focused
on the surface of G. The second-order correlation function of Gaussian chaotic light can describe the statistics of
pseudo-thermal source, which can be written as

g P (1) =1+exp [—71' (7’/7‘6)2] , (3)

where 7, corresponds to the coherent time of the thermal source. The g(®(7) curve of input signal field is measured
by the setup shown in Supplementary Fig.5(a), where two convex lenses with a focal length at 75 mm are used to
focus the collimated beam onto the surface of the rotating G. The pseudo-thermal light is separated equally into the
two arms of a fiber BS with a splitting ratio of 50:50, and detected by two individual single photon detectors (SPDs,
Excelitas SPCM-800-24-FC). The clicks of single photons are collected and summarized by a time-to-digital converter
(quTAG, standard 4 channels), and shown as the blue crosses and gray dashed line in Fig. 5 of the main text. The
pseudo-thermal light generated by the rotating G is sent into the cavity-based isolator, and its ¢(® () is measured
by the setup shown in Supplementary Fig.5(b). To reduce the impact of background photons from the drive laser,
cascaded filters are placed after the cavity.

For further investigation on the quantum statistics, the relation between the coherent time of the pseudo-thermal



light and the rotating speed is measured, and the experimental results are summarized in Supplementary Fig.5(c).
The red, orange, green, blue and purple dots represent the rotating speeds of 66 cm/s, 332 cm/s, 498 cm/s, 776 cm/s
and 997 cm/s, respectively. The coherent times labeled in the Supplementary Fig. 5 are fitted by Supplementary
Eq. (3), where the results indicate that the increase of rotating speed will reduce the temporal and spacial coherence.
It is worth to note that the numerical value of ¢(?) (0) rise with the rotating speed. It could be explained that
the generated pseudo-thermal light is a mixture of a thermal field and a coherent field, where the mixing ratio is
determined by the rotating speed. Therefore, the high rotating speed causes a random phase of the input beam due to
the moving particles on the glass surface, which reduces the coherence of input signal. For a concrete analysis about
the noise introduced by the cavity-based isolator, see Sect. B.

SUPPLEMENTARY NOTE 3 - THEORETICAL ANALYSIS OF HOT ATOM ENSEMBLE

The Hamiltonian for atom-light interaction in the free space system shown in Supplementary Fig. 1(a) can be written
as (h=1):

N
H =33 {wylg,mp) (g, mpl; +wp |fmpe) (F,mpl; + we e, me) (e, mel,

j=1mpg

+Q(—j&- (IeamF + 1> <gymF‘j e~ iwat + hc) + QJ (|e,mp - 1> <g, mF|j e~ iwat + hc)

+ef (|f, mr +1) (g, mpl; e Wt 4 h.c.) +e; (|f, mp — 1) (g, mp|; e Wt 4 h.c.) } , (4)

where Qg (¢7) is the drive (signal) strength with the frequency wy (ws) and the symbol +(—) means the ot (o7 )-
polarized laser. Here mpr denotes the Zeeman state, where the range of values is —Fy, —F; + 1, ..., F; for the state
lg), and Fy for the state |f (¢)). Considering the decay of the atom, the dynamics of the system is governed by the
Master equation [3], which reads
)] 5)
J

Here, we have the energy level F, > F,, thus the o™ -polarized drive laser Qj could change the population of all
atoms to |g, Fy;). For Fy < F,, the transition for the signal ¢ is forbidden, which means the optical susceptibility
X;_f = 0. Therefore, the atomic medium is transparent to the signal laser. In contrast, the transition for the signal

d . ! 4 m m/ 4
df‘i:*Z[H,p]+Z Z |:7;;’cFmF£ <|gﬂmF> <f,mF’_>+"}/geF Fﬁ (|g7mF> <€7mF
Jj=1 mp,m/f !

’
MpFMp

where v, ¢ is the decay rate and the Lindblad super-operator £ (o) = opo’ — poo/2 — ofop/2.

e, is allowed. For the single-atom model, we obtain the optical susceptibility

_ 1
ngu71A3+7’%’ (6)

where A, = wy —wy—ws. The absorption and dispersion for the input signal E;t correspond to Im (X;tf) and Re (X;tf),

respectively, which are shown in Fig. 1(d) of the main text.
In practical experiments, the external circularly polarized drive field is not ideal and Doppler effect for hot atoms is
also considered. The absorption loss for the signal field is determined by the imaginary part of the optical susceptibility

dv, (7)

2
+ :/OO N (v) |pgrl U;tf (v)
Xof cohes

where v is the atom velocity along the signal propagation direction, N (v) = N e~V /v / (vpy/7) being the Maxwell-
Boltzmann velocity distribution, v, the most probable velocity, N the atomic density, u4 ¢ the transition dipole moment
between states |g) and |f), and o, (v) = [g, mp) (f, mp £ 1| is the atom polarizability due to the probe light for the
atom velocity is v. Here the atomic thermal motion should be considered in numerical calculations for the hot atoms,
hence the drive fields shifts to wg(s) & kq(s)v, where + (—) denotes the same (contrary) input direction for both the
drive and signal fields and k) is the wave vector for the drive (signal) laser. For an ideal OIM in a Doppler-broadened



atom ensemble, we have Xgp X0 / (iAS + ’Y%f) for velocities, and the ensemble optical susceptibility reads

2 - .
+ N|/Lgf‘ v /v i

Xot = ceo E0hEUpT i (Ag 4 ksv) + 25

N g o8 ar 2 (22)
eohesvpks

« [1 _ef (A”f/?)} . (8)

vpks

dv

For the signal field, the propagation can be calculated by de¥ (2) /02 = —k,Im (Xgif) et ().

In the cavity-based case, the Hamiltonian for the system can be rewritten as (A =1) :

N
H = woal, ags +wealaes +Y Y {wg lg.mF) (g, mpl; +wp|fymp) (f,mp|; + we le,mp) (e, mF;

j=1mp
+9a (le, mp £ 1) (g, mp|; aqs + h~0-) +9s <|f7 mp £ 1) (g, mp|; ass + hc)}
+iy/Ka, le (ad g iwat _ h.c.) + i./nsyezlsf (alie*i%t — h.c.) , (9)

where wq and w. are the frequencies of the modes a4 and a, corresponding to drive and signal modes, respectively,
and gq(s) is the single photon coupling rate for the drive/signal field. Considering the decay of both the atom and
cavity, the dynamics of the system is governed by the Master equation, which reads

% = —i[H,p| + KaL (aax)
+/€s (lsj: Z Z ’yg FmF,C (gva> <fa m/F‘j>

j=1 mp, m
) . (10)
J

Here, the formulas are applicable to all emitters with the energy level shown in Fig. 1 of the main context. In current
experimental setup, the hot atom vapor is employed, and the analytical solution of the above equation is not practical.
Additionally, by taking the uncertainty of environment imperfection and temperature fluctuations, we did not proceed
to implement the detailed calculations.

+796FmF£’ <gv mF> <6, mlF

SUPPLEMENTARY NOTE 4 - CAVITY TRANSMISSIONS

For an input to a cavity mode through Port 1, the Hamiltonian can be written as
H =w,a'a +iy/r1 (aTaine_“"i"'t — h.c.), (11)

where a;, = 4/ hi e s the input amplitude, Py, is the input power, w, is the resonant frequency of the cavity mode,

win corresponds to the input signal or drive laser frequency, and k; is the energy decay rate due to the input port. In
the rotating frame of input light frequency, the intracavity mode amplitude can be obtained as

ol (12)

a = . Qin
—iA — Htot/z ’

with the detuning A = w, — win, and ke is the total decay rate.

The traveling-wave cavity composes of four mirrors, including two flat mirrors (M1, M2) and two concave mirrors
(M3, M4) as shown in Supplementary Fig.6(a). In our four-mirror cavity system, we only use the M1 and M2 for
input and output, and for both drive and signal. The loss rates of the two ports x; for M1 and ko for M2 can be
estimated by

e—271'f€j7’n — Rj7 (13)
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Supplementary Figure 6. The schematic of theoretical model and the calibration of the traveling-wave cavity
parameters. (a) The scheme of a bare traveling-wave cavity. The cavity composes of four mirrors, where M1 2 3.4 corresponds
to the mirror with the corresponding reflectivity is Ri 2,34, respectively. M;j is the input port with the loss x1,1 while M»
is the output port with the loss k1,2. (b) The measured transmission of bare cavity (green line) and the fitting curve (gray
dashed line) while Ps = 20 uW. Based on the fitting result we obtain k1,1 = 7MHz and k1,2 = 0.33 MHz, corresponding to the
reflectivities of Ry = 91.8 % and Ry = 99.6 %. (c) The scheme of the cavity with a glass vapor cell. The loss due to vapor cell
is defined as xo. (d) The measured transmission (yellow line) and the fitting result (gray dashed line) while Ps = 1 yuW. The
fitted ko =~ 19 MHz.

where j € {1,2} and Ry () is the reflectivity of M1(M2), and 7, is the cavity round-trip time. In this work, we could
ignore the losses of M3 and M4, since they are highly reflective mirrors with 1 — R34 << 1 — R; 2. In addition, there
is also losses introduced by the optical elements placed in the cavity, we denote such an intrinsic energy loss rate of a
cavity as kg. Then,

Ftot = Ko + K1 + Ka. (14)

According to the input-output relation|3|, the transmission, i.e. the emission from M2, reads

’L'\/Iilﬁlg
out = = — ins ].5
Gout = /K20 AT Htot/Qa (15)

and the reflected light from the same port a, is

Gy = —Qip + i/K1G (16)
_—’LA— Ktot/2+"£1 1. (17)
—iA — K;tot/2

From the above equations, we could easily obtain the input-output relations for input from M2 by exchanging
all subscripts 1 <> 2. Then, we know that the transmission probing from Port 1 and Port 2 are exactly identical.
Therefore, in our experiments, some measurement about the isolation that characterizing the |aout /ain\2 from two
opposite directions are actually measured from the same direction. By doing so, we can avoid the calibration of most
optical components in the optical setup.



Now, we discuss the basic parameters about the cavity. A typical transmission spectrum of bare cavity is shown in
Supplementary Fig. 6(b), with ko = 0 for an empty cavity system. The green line indicates the experiment result and
dashed line corresponds to the theoretical result fitted by

R1Kk2
(Iil + /*62)2/4 + A2

where input signal power P, = 20 uW, and the fitting linewidth is 7.33 MHz, i.e. k1 + k2 = 27 x 7.33 MHz. Based
on the experimental results of direct signal transmission measurements by a normal incident beam, we find the
transmittance of M1 is about 20 times higher than M2, hence we have k1 = 20 k3. Note that we could not provide
an precise measurement of the reflectivities due to the difficulty in absolute calibration of transmission efficiency.
Therefore, we can estimate k1 ~ 27 X TMHz and k2 = 27 X 0.33 MHz and theoretically predict a normalized
transmittance of

Pout =

P, (18)

P,
o~ 17.2%, (19)

m

T =

according to Supplementary Eq. (13), with corresponding reflectivities Ry ~ 91.8 % and Ry = 99.6 %. However, due to
the imperfect mode matching between the input beam and the cavity mode field in practical experiments, the measured
transmittance reduces to ~ 5.9% comparing to the theoretical expectation. By taking the mode mismatching into
account, we rewrite the transmission of the cavity as

_ K1K2 %
(I{l + K2)2/4 + A2
where A ~ 34 % represents the mode-matching efficiency in our system.

For the scheme of the system with a glass vapor cell, as shown in Supplementary Fig. 6(c), the glass could induces
intracavity scattering and absorption losses kg. Then, the transmission of the system becomes

Amm- (20)

K1K2
(Kl + Ko + /{0)2/4 + A2

where input signal power P, = 1 uW. By measuring and fitting the transmission spectrum, we obtain kg =~ 27 X
19 MHz, as shown in Supplementary Fig. 6(d).

The discussion above indicates that our current experimental demonstration bases on an under-coupled cavity setup
since k1 < Ko + Ko, and most of input signal is directly reflected by the cavity and thus induces insertion loss of
the device. Therefore, for achieving a useful non-reciprocal device by our scheme, a near-optimal mode matching for
input beam and two carefully chosen mirrors (R 2) are important. In the following, we discuss how to achieve the
critical coupling for a better isolator performance. The critical coupling (a.t = 0) could be achieved for on-resonance
light A = 0 when the condition

T:

X Amm, (21)

K1 = K2 + Ko (22)

is satisfied.

In our experiments, the intrinsic loss ¢ due to the glass atom cell includes atomic absorptive loss k¢,1 and glass loss
Ko,2. By fitting the linewidth of resonance at a large detuning, as the light absorption due to the atomic transitions
is negligible, we estimate ko1 ~ 2w x 9 MHz, and therefore we have kg2 =~ 27 x 10 MHz. Since the glass induced
loss kg2 could be greatly reduced by improving material and surface treatment, we can assume that the intrinsic loss
could be improved to kg = 27 x 9MHz. It is worth noting that the cavity intrinsic loss could also be reduced by
placing the cavity mirrors inside a Rubidium vapor cell [4].

On one hand, for an on-resonant drive field, the intracavity power could be boosted by a factor of

K1 (K1 + Ko + HO)Q
(K1 + 2 + ko)’ K1
By chosen k3 = 27 x 0.1 MHz and k1 = k3 + ko = 27 X 9.1 MHz, i.e. the mirror reflectivities are Ry = 89.5% and
Ry = 99.88%, we have £ = 4, thus the drive power could be reduced by 4 times comparing to the studies in the present
work.

On the other hand, by changing the mirror reflectivies for signal’s wavelength, the transmission of the signal could
be improved to

§= (23)

e
T=—"" g (24)
(Iﬁ:l —+ K2 —+ /ﬁ)o)
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by chosen k1 = 27 x 50 MHz and k3 = 27 x 41 MHz, i.e. the mirror reflectivities are B; = 60.7 % and Ry = 54.3%,
indicating a 1dB insertion loss and 100 MHz Lorentz-shaped bandwidth of the isolator.

SUPPLEMENTARY NOTE 5 - NOISE ANALYSIS

In this section, we compare the g(®) (1) curves of input pseudo-thermal light source to the output curves (Supple-
mentary Fig. 5(c)). The results show that the input and output ¢(® () curves can always match each other very well,
which provides a strong evidence that the system is noiseless. For further investigations, we theoretically analyze the
model with input thermal noise. The Hamiltonian for the full system can been written as:

H = Z { na, ap + 1y/K1,2 (ama a;rnan>}
+ Z Z-\/ Ko (anoiseafl - ajloisean> (25)

where n is the number of the modes and A,, = w,, —w, is the detuning between the optical mode a,, and the input
signal a;,. Considering the rate of optical mode, the Langevin equation can be written as follows:

day, K1+ kKo + Ko .
S [ _DMLTR2TR0 LA
dt ( 2 (5 )

+ vV R20in + V K0Qnoise - (26)

When the system is in the steady state, we have a, = (./ngam + \/noanoisc) /[(k1 + K2 + ko) /2 +iA,]. Based on
the input-output relation aout = /K1 Zn an, we can obtain

i _ 1 f—— t i
aoutaout - /{1,1 A A* HZG aln + Ra2kq a anolse + anoiseain + KOanoiseanoise ) (27)
m<in
m,n

2
ot _ 1 2,12, 2, f—— 12 2 2
Aout Aout Gout@out = K1,1 A A KaQyy Qip + Ra2koli, @ nome + 22 K2K00i, GinGnoise T KOK20y0i56Ain
m<in

2 T2 2 2
FK00n0iseTnoise T 2 \% ’%2’%0’%0a1101sea’1ﬂanOlbe + 2\/ K1 2K“‘J'%Qam n01sea1n
T T oot
+2 vV R2RoK0Q;, @ n01bean01se + 4’12"{0a‘manoxsealnanOiSe ’ (28)

where A, () = (k1 + K2 + ko) /2 + 1A, (n). Therefore, the normalized correlation function can be written as

Toof
<a’out G ot Gout Gout

2
<aluta’OUt>
2
K%Q <a:rn a?n> + 2f<;(2)nt2h + 4dKkoKoNth <a§nain>
- ; ; ; (29)
“%,2 <a’inain> + “(z)nfh + 2K2KoNth <ainain>

9% (0) =

where we have assumed that (apeise) = <a:[mise> =0 and < nmseanome> = <a1’10iseajloise> — 1 = ny, for the thermal

noise. It is obvious that we have g2 (0) = 2 when the the input a;, is also a thermal field. If the input a;,, is a coherent
field a, we have
K3 \a|4 + 26¢n2, + dkakonin |oz|2

2
& (0) = . 30
© K3 |0¢|4 + K3nZ, + 2KaKkoNen \o¢|2 (30)

We experimentally measured the the correlation function difference between the input and output signals in Supple-
mentary Fig. 7, which is defined as

(af(®)at (t+7)a(t+7)a(t)),,

(at (®)a(t)) (al (t+T)a(t+T))ou

B <aT Hat+m)a(t+7)a (t))in
(af (t)a(t) (al (t+T)al(t+7)),

Ag® (1) =

(31)



11

0015} AP

0.010 -

0.005 |

Ag(z)

0.000 |

-0.010

0
Time (us)

Supplementary Figure 7. The experimental results of the the correlation function differences [Ag? (7)] between the input and
output signals as a function of the delay time .

We fit the experimental data around 7 € [—2,2] s, and obtain the mean value Ag?(7) = 0.0008 and standard
deviation o = 0.00608. The 95% confidence interval is [—0.00184, 0.00342]. In our correlation function measurement
experiments, we estimate the intracavity mean photon number about 0.84 for the input coherent signals. By calculating

the correlation difference Ag? (0) = Ag? (1) , we can estimate the thermal noise about ng, = 0.00035, and the noise-
to-signal ratio is about n = <a?j1*§_ = 0.04%. If we consider the correlation difference Ag? (1) + 30, we have the

noise-to-signal ratio n = 0.9%.
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