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Time-bin entanglement built in room-temperature quantum memory
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Quantum memory and entanglement are both the essential resources for long-distance quantum communica-
tion. Among the schemes reported to date, time-bin encoding is widely applied due to its advantage of robustness
against decoherence in optical fibers. Despite enormous progress, at present the time-bin entanglement with
cold-atom-ensemble-based quantum memory has to be realized in a well-isolated environment and at ultralow
temperature, and the challenges for its generation in a room-temperature regime remain due to the strong noise
and decoherence induced by the atomic motion and collision. Here, we report a time-bin entanglement built in
room-temperature quantum memory. We propose and experimentally demonstrate a dual-addressing scheme to
eliminate the strong quantum correlation between two time bins for generation of the entangled state. By using
two all-fiber integrated Mach-Zehnder interferometers, we analyze the Bell inequality on the phase and obtain a
visibility enabling a violation of the Clauser-Horne-Shimony-Holt Bell inequality.

DOI: 10.1103/PhysRevA.103.062403

I. INTRODUCTION

The construction of long-distance quantum communication
is a central theme in quantum community [1,2], and its realiza-
tion, associated with the vision of quantum internet, will rely
on the capacities of engineering quantum entanglement, such
as quantum teleportation [3], quantum swapping [4], quantum
memory [5], entanglement-based quantum key distribution
[6], distributed quantum computing [7], and so on. People
have managed to generate and manipulate quantum entangle-
ment in the degrees of freedom of polarization [8,9], time
bin [10], path [11], and orbital angular momentum [12,13]
and find that the time-bin entanglement may dominate the
task of long-distance distribution due to its robustness against
decoherence in optical fibers [14–16].

In contrast to the generation of time-bin entanglement via
spontaneous parametric downconversion [10], spontaneous
four-wave mixing [17], nitrogen vacancy centers [18], and
quantum dots [19,20], the time-bin entanglement with quan-
tum memory [21,22] could combine the advantages of flying
photon qubits with the “stationary” atomic qubits and could
also function as a quantum repeater [23], which has the ad-
vantage of entanglement swapping and quantum memory.

Although a great number of experimental investigations
have been made in different quantum storage protocols
[24–36], the generation of time-bin entanglement with quan-
tum memory has never been achieved in a room-temperature
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regime. The long-outstanding problem originates from the
strong noise and decoherence induced by the atomic thermal
motion and atomic collision [37,38]. Recently, the room-
temperature broadband quantum memory has been realized
in an atomic ensemble via far off-resonance Duan-Lukin-
Cirac-Zoller (FORD) protocol [24,39,40], where the coaxial
write-read scheme efficiently suppresses the dephasing of the
spin wave. In contrast to polarization or path entanglement
that must be built by two quantum memory systems and
equipped by active phase locking, time-bin entanglement is
very compatible with the coaxial scheme and only acquires
a single atomic ensemble, which greatly reduces the system
complexity and will further facilitate constructing large-scale
memory-enabled quantum networks.

Here, we propose and experimentally demonstrate a
generation of time-bin entanglement in a broadband room-
temperature quantum memory. Besides the noise and de-
coherence issue, we have also managed to eliminate the
strong quantum correlation between the two time bins via a
dual-addressing scheme, which ensures the independence of
ground states during two write-read periods.

II. EXPERIMENTAL SETUP

The schematic of our dual-addressing scheme is shown in
Fig. 1. Two pairs of write and read pulses arrive at the atomic
ensemble with a well-defined time interval of �T = 72 ns.
For each addressing pulse pair, there exists a quantum
memory process. Our quantum memory employs the FORD
protocol [39,40] and the atomic energy level diagram for this
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FIG. 1. The schematic diagram of the time-bin entanglement. (a) The write and read processes of the FORD protocol in a single addressing.
|g〉 and |s〉 represent the hyperfine ground states and |e〉 represents the excited state. (b) The generation of time-bin entanglement in atomic
ensemble with our dual-addressing scheme. W (R), the write (read) pulse; S (AS), the Stokes (anti-Stokes) photon; E (L), the early (late) time
bin; MZI, unbalanced Mach-Zehnder interferometer; α (β), the phase difference in MZI. (c) The expected probability distribution of the output
ports as a function of phase β, where phase α is fixed. PB+ (PB− ), the probability of the output port B+ (B−); PA+B+ , the coincidence probability
between the output port A+ and B+.

protocol is shown in Fig. 1(a). Initially, all atoms are prepared
in the ground state |g〉 of 133Cs by the strong pump 1, and then
a write pulse with a detuning of �W = 13.2 GHz induces a
broadband Stokes photon via spontaneous Raman scattering,
meanwhile heralding a collective excitation state |s〉 among
the atoms. The collective excitation state can be expressed as
[4]

1√
N

N∑
n=1

ei(kW−kS )rn |g1, . . . , sn, . . . , gN 〉, (1)

where N is the total number of atoms, kW is the wave vector
of the write pulse, kS is the wave vector of the Stokes photon,
and rn is the position of the nth atom. After a designed storage
time, a read pulse with a detuning of �R = 4 GHz retrieves
the collective excitation state as a broadband anti-Stokes
photon. The wave vector of the read pulse is denoted by kR

and the wave vector of the anti-Stokes photon is denoted by
kAS. The polarizations of Stokes and anti-Stokes photons are
orthogonal to the control pulse [41] in the write and read
process, which can be used to filter out the control pulse
effectively by a Wollaston prism. The experimental setup is
shown in Fig. 2 (see Appendix A for more details).

We adopt the coaxial scheme by using one laser to generate
both write and read pulses [42], which can well suppress the
dephasing of the spin wave meanwhile implying kW = kR

[43]. In other words, the write pulse can act as the read
pulse to retrieve the anti-Stokes photons, and vice versa. So,
it is very challenging to ensure that the early read pulse RE

exclusively retrieves the collective excitation state generated
by the early write pulse WE and that the late read pulse RL

exclusively retrieves the collective excitation state generated

by the late write pulse WL. We therefore propose a dual-
addressing scheme to solve this problem in two steps. The first
step is to use pump 1 with a pump time of 300 ns, ensuring the
independence between different experimental periods.

The second and most critical step is to add pump 2 between
the two write and read processes. Pump 2, with a pump time of
40 ns, is resonant with the |s〉 → |e〉 transition. It reinitializes
the ground state of the atomic ensemble and imposes a per-
turbation on the phase, causing the phase difference between
the Stokes photons induced by the two write processes to
contain two portions: one is a constant phase difference, θ ,
caused by the fixed identical time interval �T ; the other one
is a variable phase difference, γ , a random phase fluctuation
caused by the pump process. This characteristic induces the
statistical average beam-splitting ratio of the output of Mach-
Zehnder interferometers (MZIs) to be a constant of 50:50 [see
Fig. 1(c)]. It can be well confirmed by the autocorrelation of
the Stokes photons [44] (see Appendix D). The autocorrela-
tion without pump 2 is g(2)

SE−SL
= 1.94 ± 0.03, well matching

the thermal noise distribution of the Stokes photons. How-
ever, the autocorrelation with a 292.8-pJ pump 2 is g(2)

SE−SL
=

1.15 ± 0.03, indicating the independence between the two
Stokes photons. As for the read process, the phase difference
between the anti-Stokes photons contains a constant phase
difference, θ ′ and a variable phase difference, −γ , which leads
to the constant phase difference ϕ of the whole process (see
Appendix E). Since the excitation rate of the write pulse is too
low to simultaneously create two collective excitation states,
the time-bin entangled state can be written as

� = 1√
2

(|E〉S|E〉AS + eiϕ |L〉S|L〉AS), (2)
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FIG. 2. Experimental setup. (a) Time sequences of the addressing pulses. (b) The control pulse with horizontal polarization and pump 2
with vertical polarization are combined on the polarization beam splitter (PBS), and then they are prepared in horizontal polarization via a
half-wave plate (HWP) and another PBS. Pump 1 with horizontal polarization is overlapped with the control pulse in a counterpropagating
configuration. Since the signal photons (Stokes and anti-Stokes photons) are in vertical polarization, a Wollaston prism (WP) after atomic
ensemble can filter out the control light efficiently. With a beam splitter (BS), the signal photons are separated into two identical MZIs for
Bell inequality measurement. Two cascaded Fabry-Perot cavities with central frequency of the Stokes photon or the anti-Stokes photon can
contribute to a total extinction ratio of 107 :1. QWP, quarter-wave plate; APD, avalanche photodiode. (c) The photo of our homemade device
of MZI. FBS, fiber beam splitter; FS, fiber stretcher.

where |E〉 or |L〉 represents a photon generated by the
early pulse or the late pulse, respectively. The indexes
S and AS represent Stokes and anti-Stokes photons,
respectively.

III. RESULTS OF TIME-BIN ENTANGLEMENT

To directly analyze the performance of pump 2, we mea-
sure the cross-correlation g(2)

Si−AS j
between the Stokes photons

and the anti-Stokes photons from different addressing pro-
cesses. The experimental result is shown in Fig. 3(a) as
a function of the pump power. Cross-correlation of the
early process g(2)

SE−ASE
is a constant by theory. As for cross-

correlation of the late process g(2)
SL−ASL

, the value rises to a
maximum rapidly, for the reason of sharply decreasing noise
counts of the unwanted anti-Stokes photons NASL , which are

generated by the late read pulse, as shown by the red squares
in Fig. 3(b). It also reasonably explains the result of the
gently decreasing value g(2)

SL−ASL
after the maximum, for the

noise increasing. As the value of the cross-correlation g(2)
SL−ASL

approaches the cross-correlation g(2)
SE−ASE

, this shows that the
two processes have a similar but independent performance.
Moreover, according to the Cauchy-Schwarz inequality [45]
(g(2)

S−AS)2 � g(2)
S−Sg(2)

AS−AS, the cross-correlation g(2)
S−AS � 2 en-

ables a violation given the fact that autocorrelation is always
less than 2. In our system, cross-correlations obtained in both
the early process and the late one are always over 15, indicat-
ing nonclassical correlation of the photons.

To further investigate the independence between the two
addressing processes, we also measure the correlation be-
tween the early write pulse and late read pulse. As is shown
in Fig. 3, the cross-correlation g(2)

SE−ASL
and the coincidence
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FIG. 3. Performance of the write and read process. (a) The cross-
correlation of the Stokes photons and the anti-Stokes photons vary as
a function of the power of pump 2. Red square, the cross-correlation
of the early process g(2)

SE−ASE
; light blue circle, the cross-correlation

of the late process g(2)
SL−ASL

; dark blue diamond, the cross-correlation

of the early write pulse and the late read pulse g(2)
SE−ASL

. The inset is
the partial enlarged view of the dotted frame. (b) The experimental
counts vary as a function of the power of pump 2. Dark blue circles
refer to the coincidence counts NSE−ASL and red squares refer to
the anti-Stokes photon counts NASL . Error bars are too small to be
recognized and are given by Poissonian statistics.

count NSE−ASL have a similar trend. The value of the cross-
correlation drops sharply and stabilizes at 1, which represents
the unrelated random coincidence. This shows that it is impos-
sible for the late read pulse to retrieve the collective excitation
state generated by the early write pulse. There exists an opti-
mum point of the performance of pump 2, and we select the
pump power of 215.3 pJ in the following experiment as the
dividing line shown in Fig. 3(a).

The quantum state built in room-temperature quantum
memory can be verified by using two MZIs with Fran-
son interference [46]. In contrast to previous demonstrations
[14,21], it is a great challenge to adjust while maintaining
the phase with the heavily unbalanced arm and the low lock-
ing laser power of 50 μW in our experiment. In practice,
we simultaneously apply a passive stabilization by locking
the temperature to reduce the environmental disturbance.
Moreover, to better regulate the phase for Bell inequality
measurement, we implant an optical fiber stretcher in the long
arm with a feedback to strictly lock the phase at a specific
value on demand (see Appendix B for more details).

FIG. 4. Characterization of two-photon interference. (a) Coin-
cidence count between the detectors A+B+ (blue hollow squares)
and A+B− (red dot) vary as a function of the phase of α′ + β ′.
(b) Measured correlation coefficient E varies as a function of the
phase of α′ + β ′. Error bars are given by Poissonian statistics.

Each detector can catch three count peaks in a time se-
quence. The first peak refers to photons generated by the early
pulse going through the short arm of the MZIs. The third peak
refers to photons generated by the late pulse going through
the long arm. The second peak refers to photons generated
by the early pulse going through the long arm or photons
generated by the late pulse going through the short arm. Only
the second peak is used for the phase projection and the Bell
inequality measurement. The quantum state projecting to the
detector A+ in the second peak can be written as φA+ =

1√
2
[eiα + ei(θ+γ )]|A+〉, and the coincidence event probability

between the detector Ai and B j is PAiB j = 1
2 + 1

2 i jV cos(α′ +
β ′), where i and j = ±1, V is the visibility of interference
fringes, and α′ = α − θ and β ′ = β − θ ′ are the relative
phases (see Appendix F for more details). In Fig. 4(a), we
show the coincidence count as a function of the phase α′ + β ′,
where we fix the phase α′ and scan the phase β ′. Furthermore,
in Fig. 4(b), we show the correlation coefficient E inferred by
the probability as E = (

∑
i j i jPAi PA j )/(

∑
i j PAi PA j ), and we

obtain the two-photon interference fringes with the visibility
of V = 0.74 ± 0.02, which is above the threshold required
for the Clauser-Horne-Shimony-Holt Bell inequality violation
(V � 1/

√
2) [47].
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IV. CONCLUSION

In summary, we present an experimental generation of
time-bin entanglement in a broadband room-temperature
quantum memory. Our experiment, along with the
programmable storage time, may serve as a crucial element
in future environmentally friendly quantum repeaters.
In combination with quantum frequency conversion to
telecommunication band [48–50], our work may help to
construct a quantum network with capacities of both local
buffer and long-distance quantum connection, supporting
quantum teleportation, entanglement-based quantum key
distribution, and distributed quantum computing.
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APPENDIX A: EXPERIMENTAL DETAILS

We select the cesium atoms 133Cs as our atomic ensemble
and place them in a 75-mm-long cell with 10 Torr Ne buffer
gas. The cesium cell is packed in a magnetic shielding and
heated up to 61 ◦C for a large optical depth. In our system,
the frequency of the pump light (both pump 1 and pump 2)
is locked to the transition 6S1/2, F = 4, to 6S3/2, F ′ = 4 to
5, line of 133Cs. To be specific, pump 1 is 300 ns generated
by an acousto-optic modulator with an extinction ratio of
17 500 :1 and the power of 24 mW. Since the write pulse and
the read pulse share the same laser, both of them have a 4-GHz
detuning with the frequency of the pump light. So, the Stokes
photon, the anti-Stokes photon, the write pulse, the read pulse,
and the pump light at least exist a frequency difference of
4 GHz between each other. Via two cascaded Fabry-PÃ©rot
cavities, whose central frequency is that of the Stokes photon
or the anti-Stokes photon and whose transmission window full
width at half maximum is about 380 MHz, these photons with
different frequencies can be separated and filtered efficiently.
The total extinction ratio reaches 107 :1.

APPENDIX B: PERFORMANCE OF MZI

The experimental setup of the all-fiber integrated Mach-
Zehnder interferometer is shown in Fig. 2(c), which has a
large path difference of 14.4 m. For each interferometer, all
devices are stuck in an aluminum alloy mold and made of
polarization maintaining optical fiber. In order to have the
same frequency drifting between locking light and the photons

induced by control light, we make use of the same laser to
generate the locking light and the control light. The frequency
difference between locking light and signal photons is so
small that we cannot separate them by a dichroic mirror. In
practice, we use a Glan-Taylor prism to separate the locking
light and signal photons via the different polarization. To
reduce the noise from the locking light, the signal photons
with horizontal polarization inject the MZI from one input
port, but the continuous locking light with vertical polariza-
tion reversely injects the MZI from output 1 and is detected
by a photoelectric amplifier in the other input port. More-
over, the thermal expansion coefficient of the fiber is around
5 × 10−7/◦C, so we combine three thermoelectric coolers
with a proportional-integral-derivative control to maintain the
interferometer with a laboratory temperature of 20 ◦C. To
better adjust and control the phase, we arrange an optical fiber
stretcher at the long arm, which would actively feed back
according to the interference results of the locking light.

To clearly obtain the visibility of the MZI, initially, we lock
the phase in a position of maximum interference intensity,
and then we swiftly flip the phase of π , where the interfer-
ence intensity is minimum. Finally, we obtain the interference
intensity as a function of time by an oscilloscope. The per-
formance of the two MZIs is shown in the Fig. 5, and the
visibility can be inferred by

V = IMax − IMin

IMax + IMin
, (B1)

where IMax represents the average value of the maximum
interference intensity and IMin represents the average value
of the minimum interference intensity. The visibility of two
MZIs is 97.15% and 96.38%, respectively.

Compared with the free-space MZI, our all-fiber integrated
MZI has the advantages of temperature stability and compact-
ness, which makes the interference performance more stable.

In our work, the active stabilization is realized by the
means of the fiber stretcher. Its function is to compensate
the path change caused by the environment to maintain the
stability of the interferometer. The maximum modulation fre-
quency of the fiber stretcher is 30 KHz; however, the impact
caused by the environment is a slow change. So we set the
modulation frequency of the fiber stretcher to 2 KHz. In the
experiment, the interferometer is a device of the quantum
entanglement analysis, which does not need to be adjusted all
the time. Thus, the fiber stretcher does not affect the quantum
memory bandwidth. In addition, the operating wavelength of
the polarization maintaining fiber is 770 to 1100 nm, and
the bandwidth of our signal photons is about 380 MHz at
852 nm. So the effect of polarization maintaining fiber on
bandwidth can be ignored and the broadband signal photons
generated by our system can pass through the interferometer
unaffectedly.

APPENDIX C: IMPROVEMENT OF VISIBILITY

In our work, there are two main factors that affect the
visibility, one is the performance of the quantum memory and
the other is the visibility of the interferometer itself. So, we
can enhance the visibility in the following ways:
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FIG. 5. Performance of the two MZIs. The interference intensity of MZI 1 (a) and MZI 2 (b) varies as a function of time.

First, the relationship between the intensity cross-
correlation and the maximum ideal visibility is shown as

V = g(2)
S−AS − 1

g(2)
S−AS + 1

, (C1)

where V represents the maximum ideal visibility and g(2)
S−AS

represents the cross-correlation between the Stokes pho-
ton and the anti-Stokes photon. Thus, we can enhance the
intensity cross-correlation by reducing the experimental back-
ground noise and optimizing the write and read pulses with the
power and beam waist radius [43].

Second, the structure diagram of the MZI is shown in the
Fig. 6. FBS is the fiber beam splitter. In general, the transmit-
tance of flange is about 85% and the optical fiber transmission
loss is 4 dB/km of our signal wavelength. Thus, the channel
loss between the long arm and the short arm is unequal. The
different channel loss between the two arms mainly comes
from the different numbers of flanges in the two arms. Thus,
the flange can be removed by applying optical fiber fusion
splicing. In addition, a FBS with a special beam-splitting ratio
can be employed as the FBS1 to enhance the visibility of the
interferometer itself.

APPENDIX D: AUTOCORRELATION FUNCTION

In our work, the time sequence of the autocorrelation func-
tion measurement is shown in Fig. 7. Initially, all atoms are
prepared in the ground state |g〉 by a strong pump, and then

FIG. 6. Structure diagram of the MZI.

two write pulses arrive at the atomic ensemble with a time in-
terval. As two write processes (W0 and W1) are independent,
each pulse has a certain probability ε1 to induce a broadband
Stokes photon via spontaneous Raman scattering, and the state
can be written as

ψ = ε0|0〉0|0〉1 + √
ε1|1〉0|0〉1

+√
ε1|0〉0|1〉1 + ε1|1〉0|1〉1, (D1)

where |0〉 or |1〉 represents the number of Stokes photons,
respectively. Index 0 or 1 represents time t0 or time t1, respec-
tively. ε0 represents the probability of no collective excitation
state induced by the write pulse. ε1 represents the excitation
rate of the write pulse.

As shown in Ref. [44], the autocorrelation function can be
written as

g(2)(τ ) = 〈a+
1 a+

0 a0a1〉
〈a+

0 a0〉〈a+
1 a1〉 . (D2)

Making use of Eq. (D1), the autocorrelation function is given
as

g(2)(τ ) = ε2
1(

ε1 + ε2
1

)2 = 1

1 + 2ε1 + ε2
1

. (D3)

In our work, the excitation rate ε1 is about 0.6%, far less
than 1, so the autocorrelation g(2)(τ ) ≈ 1 represents the inde-
pendent correlation between the two write processes (W0 and
W1).

APPENDIX E: THEORETICAL DERIVATION OF
TIME-BIN ENTANGLEMENT GENERATION

We first consider the FORD quantum memory scheme with
only one write and read process. As we do not consider higher-
order excitation, the state of the write process can be written
as

ψW =
√

1 − η1|0c0s〉 + √
η1ei(ϕc+ϕs )|1c1s〉, (E1)
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FIG. 7. Time sequences of the autocorrelation function measurement.

where the index “c” represents the atomic spin wave, the index
“s” represents the Stokes field, and η1 represents the excitation
rate. So, the state of the read process can be written as

ψR =
√

1 − η2|0s0as〉 + √
η2ei(ϕs+ϕas )|1s1as〉, (E2)

where the index “as” represents the anti-Stokes field and η2

represents the total retrieval efficiency of the quantum mem-
ory. Now we consider the time-bin entanglement in our work.
The state of two write and read processes can be written as

ψ = ψE ⊗ ψL

=
√

1 − 2η2 − η2
2|0s0as〉E|0s0as〉L

+√
η2ei(ϕs+ϕas )E |1s1as〉E|0s0as〉L

+√
η2ei(ϕs+ϕas )L |0s0as〉E |1s1as〉L

+ η2ei[(ϕs+ϕas )E+(ϕs+ϕas )L]|1s1as〉E|1s1as〉L. (E3)

If only one Stokes photon is detected, the time-bin entan-
gled state gives

� = 1√
2

ei(ϕs+ϕas )E |E〉S|E〉AS

+ 1√
2

ei(ϕs+ϕas )L |L〉S|L〉AS, (E4)

where |E〉 or |L〉 represents a photon generated by the early
pulse or the late pulse, respectively. The indexes S and AS
represent Stokes and anti-Stokes photons, respectively. For
the phase of Stokes photon ϕs, it consists of the initial Stokes
field ϕs0 and the path phase ϕsp. Thus, for the Stokes photons
produced by the early pulse or the late pulse, their phases can
be written as

ϕsE = ϕs0E + ϕspE, (E5)

ϕsL = ϕs0L + ϕspL. (E6)

For the anti-Stokes photons produced by the early pulse or the
late pulse, their phases can be written as

ϕasE = ϕas0E + ϕaspE, (E7)

ϕasL = ϕas0L + ϕaspL. (E8)

So, Eq. (E4) can be written as

� = 1√
2

(ei(ϕs+ϕas )E |E〉S|E〉AS + ei(ϕs+ϕas )L |L〉S|L〉AS)

= 1√
2

(|E〉S|E〉AS + ei(�ϕs0+�ϕas0+�ϕsp+�ϕasp )|L〉S|L〉AS
)
,

(E9)

where

�ϕs0 = ϕs0L − ϕs0E, (E10)

�ϕas0 = ϕas0L − ϕas0E, (E11)

�ϕsp = ϕspL − ϕspE, (E12)

�ϕasp = ϕaspL − ϕaspE. (E13)

Since the phase between the atomic spin wave and the
Stokes field is anticorrelation [51,52], we have

ϕW = ϕs0 + ϕc, (E14)

ϕas0 = π + ϕc + ϕR, (E15)

where ϕW is the phase of the write pulse and ϕR is the phase
of the read pulse. So, we have

�ϕas0 = (ϕc + ϕR)L − (ϕc + ϕR)E

= �ϕR + (ϕcL − ϕcE)

= �ϕR + �ϕW − �ϕs0. (E16)

Therefore, Eq. (E9) can be written as

� = 1√
2

(|E〉S|E〉AS + eiϕ |L〉S|L〉AS), (E17)

where

ϕ = �ϕR + �ϕW + �ϕsp + �ϕasp = const. (E18)

Thus, the constant phase difference mentioned above is the
phase ϕ, and the variable phase difference γ is the random
phase difference of the initial Stokes field �ϕs0.

APPENDIX F: BELL INEQUALITY ON PHASE
PROJECTION

As mentioned above, the state of Stokes photons before
injecting the MZI can be written as

ψA = 1√
2

(|E〉S + ei(θ+γ )|L〉S
)
, (F1)

where the constant phase difference θ = �ϕsp is the phase
difference of the path. The variable phase difference γ is
the phase difference of the initial Stokes field �ϕs0. So, the
state of anti-Stokes photons before injecting the MZI can be
written as

ψB = 1√
2

(|E〉AS + ei(θ ′−γ )|L〉AS
)
, (F2)

where the constant phase difference θ ′ = �ϕW + �ϕR +
�ϕasp is the sum of the phase difference of the write pulse
�ϕW, the phase difference of the read pulse �ϕR, and the
phase difference of the path �ϕasp.
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FIG. 8. Effect of pump 2. The experimental counts vary as the function of the phase, without pump 2 (a) or with pump 2 (b). Blue squares,
the counts of the output port B+; red circles, the counts of the output port B−.

For each output of the MZI, there are three count peaks.
If we only consider the second count peak, the state of the
Stokes photon can be written as

ψ ′
A = 1

2

(
eiα′ |A+〉E + ei(α′+π/2)|A−〉E

)
+ 1

2

(
ei(γ+π/2)|A+〉L + eiγ |A−〉L

)
, (F3)

The anti-Stokes photon has a similar state written as

ψ ′
B = 1

2

(
eiβ ′ |B+〉E + ei(β ′+π/2)|B−〉E

)
+ 1

2

(
ei(−γ+π/2)|B+〉L + e−iγ |B−〉L

)
, (F4)

Making use of Eq. (2), the normalized coincidence state gives

ψAB = 1

2
√

2

(
ei(α′+β ′ )|A+B+〉 + ei(α′+β ′+π/2)|A+B−〉

+ ei(α′+β ′+π/2)|A−B+〉 + ei(α′+β ′+π )|A−B−〉)
+ 1

2
√

2

(
eiπ |A+B+〉 + eiπ/2|A+B−〉

+ eiπ/2|A−B+〉 + |A−B−〉), (F5)

where α′ and β ′ are the relative phases. The first part of
Eqs. (F3)–(F5) is contributed by the early photons going
though the long arm of the MZI, and the second part is
contributed by the late photons going though the short arm.
Equation (F5) shows that the random phase γ cannot affect
the coincidence measurement between Stokes and anti-Stokes
photons. Since the photons in the second peak are indis-
tinguishable, the coincidence count rate can be written as
PAiB j = 1

2 + 1
2 i jV cos (α′ + β ′), where i and j = ±1, and V

is the visibility of the interference fringes. And the correlation
coefficient E is inferred by the probability as

E (α′, β ′) =
(∑

i j

i jPAi PA j

)
/

(∑
i j

PAi PA j

)

= V cos (α′ + β ′), (F6)

The Clauser-Horne-Shimony-Holt (CHSH) Bell inequality
gives

S = |E (α, β ) + E (α′, β ) + E (α, β ′) − E (α′, β ′)| � 2.

(F7)

Therefore, making use of Eq. (F7), the parameter S has a max-
imum value of S = 2

√
2V with α = 0◦, α′ = 90◦, β = 45◦,

and β ′ = −45◦. Thus, V � 1/
√

2 enables a violation of the
CHSH Bell inequality.

APPENDIX G: EFFECT OF PUMP 2

Pump 2 is the key part of our entanglement construction.
There are two main functions.

First, the retrieval efficiency of quantum memory cannot
be 100%. Thus, if we remove pump 2, there will be such a
situation: a write WE pulse creates a collective single atom ex-
citation, but the read pulse RE does not read out an anti-Stokes
photon ASE; however, the pulse RL reads out an anti-Stokes
photon ASL. This situation will seriously affect our entan-
glement analysis. To avoid this detrimental effect, we added
pump 2 in our work and the function of pump 2 has been
proved by the coincidence count NSE−ASL , shown as the dark
blue circle in Fig. 3(b). The number of the coincidence count
NSE−ASE is 6166. As the power of pump 2 is zero, the number
of the coincidence count NSE−ASL is 4548, about 73.75% of
the coincidence count NSE−ASE . While as the power of pump
2 is 292.8 pJ, the number of the coincidence count NSE−ASL is
270, only about 4.38% of the coincidence count NSE−ASE .

Second, if the pulse RE does not retrieve the collective exci-
tation state, the atomic spin wave will act like an input Stoke
field to enhance the output Stokes photon number NSL [53],
which is generated by the pulse WL. This effect will make the
number of photons generated by two time bins unequal.

Thus, we proposed the dual-addressing scheme to avoid
the aforementioned problems, with the key function of pump
2 being to make the independence between two time bins.
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FIG. 9. Influence of after pulse. (a) The autocorrelation varies as a function of the delay. (b) The coincidence count varies as a function of
the delay. Error bars are given by Poissonian statistics.

However, the existence of pump 2 brings a random-phase
fluctuation to the late process. In other words, the relative
phase between photons generated by two processes is a ran-
dom value. This is well proved by measuring the photon
counts of two output ports. As shown by the conceptual
graph in Fig. 1(c), the statistical average beam-splitting ra-
tio between the output port B+ and the output port B− is
a constant of 50 :50, which means the existence of a vari-
able phase difference. The experimental result is shown in
Fig. 8.

When there is no pump 2, the phase of the atomic spin
wave changes continuously with time, and since the phase
between the atomic spin wave and the Stokes field is anticorre-
lation, like the formula shown in Eq. (E14), the relative phase
between photons generated by two processes is a constant.
Therefore, we can obtain a sine curve of photon counts by
scanning the phase of the interferometer, like the data shown
in Fig. 8(a). While if the relative phase between photons
generated by two processes is a random value, we can only
obtain a straight line of photon counts by scanning the phase
of the interferometer, like the data shown in Fig. 8(b).

APPENDIX H: INFLUENCE OF AFTER PULSE

In our work, we use the single-photon detector based on
avalanche amplification, which has a fixed dead time and an
after pulse effect.

When the single-photon detector receives a single photon,
carriers appears in the gain medium and an avalanche occurs.
The number of carriers increases rapidly and the detector out-
puts a signal. In a period of time after the avalanche process,
the single-photon detector is turned off, which is called dead
time (see the initial data shown in Fig. 9). After the dead time,
the singlephoton detector turns on again for the next detection.

While a large number of carriers produced by the avalanche
process cannot be completely eliminated. There are always
some carriers stored in the semiconductor medium. Moreover,
the storage time of some carriers can be much longer than
the dead time. After the single-photon detector is turned on
again, these stored carriers will be released in an uncertain
time, and then avalanche amplification and the output electric
signal occur. This electrical signal is the after pulse. Thus, the
correlation between the after pulse and the signal photon is not

FIG. 10. Schematic of the unique features of the time-bin entanglement scheme.
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the experimental result we want. So we can measure the after
pulse effect by scanning the delay, as the data show in Fig. 9.

With the delay T = 72 ns, we have the autocorrelation
g(2) = 19.96 ± 1.09 and the coincidence count n = 335 ±
18.3, while the autocorrelation of the Stokes photons is
g(2)

SE−SL
= 1.15 ± 0.03 and the coincidence count is NSE−SL =

1836 ± 42.8. According to the coincidence count, the after
pulse effect has 18.2% weight in our experimental results.

APPENDIX I: UNIQUE FEATURES OF THE TIME-BIN
ENTANGLEMENT SCHEME

As for the entanglement scheme itself, the time sequences
of each pulse can be adjusted flexibly. As shown in Fig. 10,
for any entanglement analysis device (MZI), we can adjust

the time interval (�T1 and �T2) precisely to match the de-
vice, and in some experimental needs, which have different
requirements for the unequal arm of the interferometer, we can
adjust the time interval (�T1 or �T2) separately to match each
device. The storage time of our scheme is not fixed. Under
the condition of keeping the time interval (�T2) unchanged,
we can adjust the time interval (t1) to change the storage time.
Thus, we are able to build a time-bin entanglement embedded
in quantum memory being flexibly compatible with different
analysis devices.

In addition, it is possible to introduce the heralding prop-
erty to our scheme by adding a magnetic field, which can
induce a periodic dephasing and rephasing of the atomic
excitation [21].
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