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A broadband DLCZ quantum memory in
room-temperature atoms
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Zhen Feng1,2, Hao Tang 1,2 & Xian-Min Jin 1,2

Quantum memory capable of stopping flying photons and storing their quantum coherence is

essential for scalable quantum technologies. A room-temperature broadband quantum

memory will enable the implementation of large-scale quantum systems for real-life appli-

cations. Due to either intrinsic high noises or short lifetime, it is still challenging to find a

room-temperature broadband quantum memory beyond conceptual demonstration. Here, we

present a far off-resonance Duan–Lukin–Cirac–Zoller (FORD) protocol and demonstrate the

broadband quantum memory in room-temperature atoms. We observe a low unconditional

noise level of 10−4 and a cross-correlation up to 28. A strong violation of Cauchy–Schwarz

inequality indicates high-fidelity generation and preservation of non-classical correlation.

Furthermore, the achieved cross-correlation in room-temperature atoms exceeds the key

boundary of 6, above which quantum correlation is able to violate Bell’s inequality. Our

results open up the door to an entirely new realm of memory-enabled quantum applications

at ambient conditions.
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Quantum technologies, incorporating quantum mechanics
into communication, information processing and
metrology, promise spectacular quantum-enhanced

advantages beyond what can be done classically1. However,
quantum states are very fragile and easily get lost to the envir-
onment; meanwhile, their generation and quantum operations are
mostly probabilistic. These problems make it exponentially hard
to build long-distance quantum channel for quantum
communications2,3 and large quantum systems for quantum
computing4,5. Quantum memory6 allows quantum states to be
stored and retrieved in a programmable fashion, therefore pro-
viding an elegant solution to the probabilistic nature and asso-
ciated limitation by coordinating asynchronous events7–9.

Enormous advances in quantum memory have been made
by developing various photon storage protocols and their
physical implementations, such as electromagnetically induced
transparency (EIT)10–12, Duan–Lukin–Cirac–Zoller (DLCZ)
memory8,13,14, off-resonant Faraday interaction15, controlled
reversible inhomogeneous broadening16,17, atomic frequency
combs18 and Raman memory19,20. In order to have quantum
memory practicable for efficient synchronization and physical
scalability, considerable efforts have been dedicated to meet key
features known as high efficiency, low noise level, large time
bandwidth product (lifetime divided by pulse duration) and
operating at room temperature6.

It has proven very difficult to satisfy all the requirements
simultaneously. Especially, in the regime of large bandwidth and
room temperature, noise and/or decoherence become dominant,
therefore memories cannot work in quantum regime21,22 or can
do so only in short times23–26. At room temperature, EIT and
near off-resonance Raman memory have a collision-induced
fluorescence noise that cannot be filtered out because of being
identical to the signal photons21. By applying larger detuning, far
off-resonance Raman is found to be able to well eliminate the
fluorescence noise and posses a large storage bandwidth. Unfor-
tunately, noise rising from spontaneous Raman scattering process
becomes dominant, which is intrinsic and proportional to the
detuning22.

Here we present FORD (far off-resonance
Duan–Lukin–Cirac–Zoller) protocol where we exploit sponta-
neous Raman scattering process to generate and store an exci-
tation rather than taking it as noise. We demonstrate a genuine
broadband quantum memory that can simultaneously meet
aforementioned key features (see Supplementary Fig. 1, Supple-
mentary Table 1 and Supplementary Notes 1 and 2 in Supple-
mentary Information). We have observed an unconditional noise
level (the noise counts divided by the trial number of read process
without write process) of 10−4 and a cross-correlation between
heralding Stokes photon and retrieved anti-Stokes photon up to
28. A violation of Cauchy–Schwarz inequality27 up to 20 standard
deviations indicates high-fidelity generation and preservation of
non-classical correlation in room-temperature atoms. Further-
more, the achieved cross-correlation in room-temperature atoms
exceeds the key boundary of 6, above which quantum correlation
are able to violate Bell’s inequality28,29. A time bandwidth pro-
duct of 700 can be promptly employed to build large-scale
quantum networks.

Results
FORD quantum memory scheme. As is shown in Fig. 1a, in
contrast to “mapping in and out” of external photons in other
quantum memory protocols, DLCZ memory creates one collec-
tive excitation directly inside the atoms by a classical write pulse
via spontaneous Raman process, and, meanwhile, emits a Stokes
photon that can herald the successful storage with intrinsic unit

efficiency8,30. With a programmable delay, a read pulse can
retrieve the stored excitation as an anti-Stokes photon with a
process similar to Raman memory protocol, which has also been
demonstrated with the potential to approach a unit efficiency
using a strong enough read pulse19.

By combining far off-resonance atomic configuration and
standard DLCZ process, an excited virtual energy level near the
two-photon resonance can be created by the strong write/read
pulse, see Fig. 1b–d. The linewidth of the excited virtual energy
level is proportional to the intensity of the write/read laser and
the effective optical depth of atomic ensemble. In our experiment,
we use broadband write and read pulse with a pulse duration of 2
ns and detune them to a very far off-resonance region. The
detuning in linear frequency ΔW and ΔR are larger than 13.2 and
4 GHz, respectively, which is about one order higher than
narrowband DLCZ quantum memory protocol. We adopt
caesium atoms 133Cs to realize large optical depth relying on its
high vapour pressure. With 75-mm-long cell and 10 Torr Ne
buffer gas, an optical depth larger than 1000 is obtained at a
temperature of 61.3 °C. The storage bandwidth is expected to be
near GHz level and its central frequency is tunable by detuning
the write and read pulse simultaneously.

A simplified three-level Λ-type configuration is illustrated in

Fig. 1b, c. The lower two energy states gj i 6S1=2; F ¼ 3
� �

and

sj i 6S1=2; F ¼ 4
� �

are the hyperfine ground states of caesium, and

the higher energy state ej i 6P3=2; F′ ¼ 2; 3; 4; 5
� �

is the excited

state. Initially, a pumping laser resonant with the transition of
6S1/2, F= 4 → 6P3/2, F′= 5 prepare all the atoms into the state gj i
as

g1g2 � � � gNj i; ð1Þ

where N is the total number of atoms that participate in
interaction. After the initial state is prepared, a strong write pulse
with a detuning ΔW creates a single excitation among billions of
atoms, and, meanwhile, induces a broadband Stokes photon via
spontaneous Raman scattering8,31 (see Methods). In this process,
appropriate energy of the write pulse is adopted to ensure that
only a single Stokes photon is emitted per attempt and high-order
emissions are negligible. Then, the collective excitation state can
be expressed as32

1ffiffiffiffi
N

p
XN
n¼1

ei kW�kSð Þrn g1g2 � � � gn�1sngnþ1 � � � gN
�� �

; ð2Þ

where 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 programmable delay, a strong read pulse with a detuning
ΔR and wave vector kR illuminates the caesium cell and transform
the collective excitation into a broadband anti-Stokes photon
whose wave vector is denoted by kAS.

The write and read pulse are coaxial, which implies kW= kR, in
order to maximise the spin wave lifetime of atomic excitation33. It
has been theoretically demonstrated that the Stokes photons are
mainly inside a small cone around the direction of the write
pulse31. According to the phase-matching condition kW+ kR=
kS+ kAS, we infer that the Stokes and anti-Stokes photons are
approximately coaxial as well. As shown in Fig. 1a, both Stokes
and anti-Stokes photons are polarized orthogonally to the write/
read pulse34 and therefore can be separated from the strong
addressing light with a high-extinction Wollaston polariser
(see Supplementary Notes 3 and 4 in Supplementary Information
for more details). Two sets of homemade cascaded cavities
composed of three Fabry–Perot cavities are tuned resonant with
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Stokes and anti-Stokes photons, respectively. Each cavity has a
transmission rate of about 90% and contributes an extinction
ratio more than 500. Together with a polarising beam splitter and
a quarter-wave plate, we realize a dichroic-mirror-like function-
ing for an extremely small frequency difference of 9.2 GHz (see
Methods for more details). A standard Hanbury–Brown and
Twiss interferometer composed of three avalanched photodiodes
and a 50:50 fibre beam splitter are employed to perform photon
statistics and correlation detection.

Observation of broadband quantum memory in room-
temperature atoms. Unconditional noise is a key parameter
that can be used to benchmark the noise level of optical memory
and whether it can work at quantum regime. We measure

unconditional noise by retrieving anti-Stokes photons in the
absence of the write pulse. As a result of the novel protocol and
experimental configuration, we observe a low unconditional noise
level of 10−4. We obtain a value of 7.79(5) × 10−5 when we
address atoms with the read pulse energy of 30 pJ, see Fig. 2a. A
distinct manifestation of such a low unconditional noise level
presents a strong non-classical correlation between the heralding
Stokes photon and the retrieved atomic excitation
anti-Stokes photon. It turns out to be a high cross-correlation

gð2ÞS�AS and a violation of Cauchy–Schwarz inequality

gð2ÞS�AS

� �2
� gð2ÞS�S � gð2ÞAS�AS

27. We obtain an auto-correlation of

gð2ÞS�S = 1.97 ± 0.13 (gð2ÞAS�AS = 1.87 ± 0.20) for Stokes photons
(anti-Stokes photons) and cross-correlation of 7.83 ± 0.18, with
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Fig. 1 Experimental setup and FORD scheme. a The caesium cell is packed in a three-layer magnetic shielding and is heated up to 61.3 °C. The write and
read pulses (red envelopes) are generated with a programmed time delay and are both prepared in horizontal polarization (see Methods for more details).
The created Stokes photons (green envelope) and retrieved anti-Stokes photons (blue envelope) are both in vertical polarization. A Wollaston prism (WP)
is employed as polarization filter to separate the output photons from the write and read pulses. The two sets of cascaded cavities serve as strong
spectrum filters and contribute an extinction ratio up to 107. The colours are a guide to the eye. HWP half-wave plate, QWP quarter-wave plate, PBS
polarization beam splitter. b The write process of FORD quantum memory. The blurred grey belt denotes broadband virtual excited state induced by write
pulse. The green dash lines represent wide transition band of a Stokes photon. ΔS= 9.2 GHz is the ground state hyperfine splitting of caesium. c The read
process of FORD quantum memory. The blue dash lines represent wide transition band of an anti-Stokes photon. d The time sequence for generation,
storage and retrieval of non-classical correlation. Ellipsis implies repeated sequences afterward
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the detuning ΔR at 4 GHz, the write/read pulse energy 129 pJ and
the delay time 30 ns. The Cauchy–Schwarz inequality is violated
up to 20 standard deviations (see Supplementary Note 5 in Sup-
plementary Information for the calculation formula), which
clearly indicates a high-fidelity generation and preservation of
non-classical correlation in our quantum memory.

It is important but technically challenging to investigate storage
performance depending on detuning of addressing light. For
every detuning data point in Fig. 2b, we realize this by detuning
and locking the write/read frequency far away from the transition
line of caesium, and also initialising the resonance for all cascaded
cavities. We have made measurement of cross-correlation in a
large detuning range ΔR from 2 to 15 GHz. For broadband optical
memory at room temperature, the performance ranging from
near to far off-resonance is identified. Our results show a “sweet
spot”, but inconsistent with previous results in narrowband
Raman memory experiments which identify 1.3 GHz as the
optimal detuning35. Apart from the detuning around 0 or
9.2 GHz where the leakage of fluorescence through cascaded
cavities is not negligible, FORD quantum memory shows the
ability of working well at quantum regime in a wide spectrum (see
Supplementary Note 2 in Supplementary Information). We also
made the measurement of cross-correlation and created prob-
ability of atomic excitation by scanning the write/read pulse
energy, which reveals a higher cross-correlation up to 20 at lower
excitation probability, see Fig. 2c, d.

In order to obtain the bandwidth of our quantum memory, we
develop a convolution-based approach. We measure the total
transmission spectra of cascaded cavities by scanning a narrow-
band classical light, see Fig. 3a, b. We then count Stokes and anti-
Stokes photons while scanning the detuning of the write/read
light, shown in Fig. 3c, d. By using convolution theorem and
Fourier transform (see Methods), we can deduce the frequency
spectra of Stokes and anti-Stokes photons shown in Fig. 3e, f.
With the write/read pulse energy of 96 pJ, the measured

bandwidth of Stokes and anti-Stokes photons are 504 and 537
MHz, respectively, which is about two order higher than the
bandwidth obtained in cold atoms10–12.

The time bandwidth product is a key figure of merit of
quantum memory endowed with the capacity of synchronization.
This parameter sets the limit of the times that we can synchronize
within the lifetime of stored correlations. We measure gð2ÞS�AS as a
function of storage time, see Fig. 4a. The data is fitted with the
form gð2ÞS�AS = 1+ C/(1+ At2+ Bt), where At2 results from
atomic random motion33 and Bt is a correction term that reflects
the effect of the background noise of write and read light (see
Supplementary Table 2 and Supplementary Note 6 in Supple-
mentary Information for more details). The lifetime is defined
with the cross-correlation dropping to 1/e, which is found to
reach 800 ns, see Fig. 4a. The fitting function reveals that at this
stage the lifetime is limited by the nonzero background of
addressing light and the motion-induced loss of atoms. Through
enlarging the mode field of both the write/read pulse, we achieve
a prolonged lifetime to 1400 ns and obtain a time bandwidth
product up to 700, see Fig. 4b. We also observe a higher cross-
correlation of up to 28, and being higher than 2 until time delay is
6000 ns.

Discussion
The distinct feature of the FORD scheme is that we exploit a
spontaneous Raman scattering process to generate and store an
excitation rather than taking it as noise at the write process. It
means the write process is completely free of noise. The read
process of the FORD scheme is the same as the far off-resonance
Raman scheme suffering from the four-wave mixing noise.
Another distinct feature of the FORD scheme is that we apply
differential coupling strength via detuning for the write and read
process. The spontaneous Raman scattering can be well sup-
pressed in the read process because the read field strongly couples
with atoms and retrieves the stored excitation back to photon
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with a probability as high as possible. We identify the perfor-
mance ranging from the near to far off-resonance. Our results
show a “sweet spot” of detuning that is different from the value
adopted in previous experiments. At the optimal detuning, the
four-wave mixing noise is well suppressed. We therefore are able
to observe a low unconditional noise level of 10−4.

The off-resonance Raman process has been proven to be able
to reach unit retrieval efficiency19. Our current retrieval effi-
ciency, conditional on registering a Stokes photon, is around 10%.
We attribute the gap to the noise, the limited read pulse energy
and the mode mismatch of coupling Stokes and anti-Stokes
photons. It should be noticed that in our experiment a single
pulse laser acts as both the write and read field. The stored
photon has the chance to be retrieved instantaneously during the
write process, which may set an upper limit for storage efficiency.
However, the correlated coupling can be suppressed by employ-
ing two control lasers so that the momentum, frequency, band-
width and intensity of the write and read pulse can be tuned
individually, which makes it possible to optimize one without
disturbing the other. Further improvements include increasing
the read pulse energy19, shaping the read pulse36 and cavity
enhancement37.

Although the time bandwidth product has already been very
high, a longer absolute lifetime means fewer quantum repeater
nodes for a given quantum communication distance7,32. The
dominant factor of decoherence mechanism in our current setup
is random motion-induced loss, which may be solved by using a
small-diameter cell to keep atoms always staying in the interac-
tion region. Meanwhile, anti-relaxation coating should be adop-
ted to keep atomic polarization during its collision with the cell.
The lifetime of Zeeman populations and coherences in excess of
60 s has been reported in ref. 38, making it potential for realizing
longer storage lifetime (see Supplementary Note 7 in Supple-
mentary Information).

Apart from quantum repeaters, more importantly, quantum
memory-enabled synchornization is crucial to build large-scale
multi-photon and quantum entanglement states for quantum

computing, quantum simulation and quantum metrology. Our
quantum memory is more straightforward for experimental
implementation (i.e. physically more scalable) and therefore
suitable for such applications.

In summary, we have demonstrated a broadband DLCZ
quantum memory in room-temperature atoms. Low uncondi-
tional noise level, strong nonclassicality preserved among her-
alding photon and stored excitation, and large time bandwidth
product and ability of operating at room temperature make
FORD quantum memory promising for future scalable quantum
technologies1,39, and promptly applicable in building large-scale
quantum networks40.

Methods
Programmable generation of high-intensity write/read pulse. Far off-
resonance DLCZ quantum memory requires broadband and high-intensity write/
read pulse. We cannot generate it directly from a high-power continuous laser
since the required peak power exceeds the threshold of fast electro optic modulator
(EOM). A customised commercial Ti:sapphire laser may provide the required
bandwidth and intensity. However, fixed periodic generation of pulse means
incapability to write and read on-demand, resulting in inadequate exploitation of
time bandwidth product of quantum memory. We develop a system to generate
high-intensity pulse with tunable central frequency, bandwidth, and more
importantly, generation time. An external cavity diode laser locked to the transition
6S1/2, F= 4 → 6S3/2, F′= 4 co 5 line of caesium serves as reference called MASTER.
Another distributed Bragg reflector (DBR) laser called SLAVE are locked to
MASTER in an arbitrarily set frequency difference by comparing their frequency
on a Fabry–Perot etalon. A fast EOM trigged by electronic pulses from field-
programmable gate array is used to chop SLAVE to short pulses. The generated
pulses are fed into a homemade tapered amplifier (TA) to boost their power by
17 dB. In order to eliminate the spontaneous emission from the TA, we employ a
ruled diffraction grating to spread beam out and spatially pick the stimulated
radiation with irises. In our experiment, full-width at half-maximum (FWHM) of
the write/read pulse is about 2 ns, measured by a fast photodiode whose rise time is
tens of picoseconds.

The excitation is shared among billions of atoms. Many theories and experi-
ments have confirmed the collective enhancement of signal-to-noise ratio during
write process and collective interference effect during read process. These collective
effects verify that the excitation is shared among a large number of atoms rather
than a single atom. The well-known references have been included in the main
text8,31,32.
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The atomic number density n can be roughly estimated by n ¼ 4πd
λ2L

, where
optical depth d is about 5000, wavelength λ ≈ 852 nm and cell length L= 75 mm.
The estimated number density is about 1.15 × 1018/m3. We can estimate the total
atomic number among the interaction region (the beam waist of laser is on the
order of 100 μm) as

N ¼ n ´ π ´ Beamwaistð Þ2 ´ cell length
¼ 1:15 ´ 1018=m3 ´ π ´ 100 μmð Þ2 ´ 75mm

� 2:7 ´ 109:

ð3Þ

So the excitation is shared among billions of atoms.
In each write process, there is a small probability λ to emit a Stokes photon

denoted by 1p

��� E
corresponding to a collective excitation denoted by 1aj i stored in

the atomic ensemble. The total wave function can be written as8

Φap

��� E
¼ 0a0p

��� E
þ

ffiffiffi
λ

p
1a1p

��� E
þ λ 2a2p

��� E
þ O λ3=2

� �
; ð4Þ

where O(λ3/2) represents the high-order terms with more excitations whose
probabilities are equal to or smaller than λ3/2. The excitation probability λ shown in
Fig. 2d is controlled by the energy of the write pulse. We can see that the excitation
probability is linear to the energy of the write pulse, which is consistent with the
statement of cold atoms based experiments, for example, in ref.41.

Cascaded cavities. Collinear configuration of writing and reading offers longer
spin wave lifetime while making single photons very hard to be filtered out of
strong addressing light. We develop two sets of cascaded cavities composed of three
Fabry–Perot cavities tuned resonant with Stokes and anti-Stokes respectively. Every

cavity is a monolithic plank-convex glass. Both sides are coated to give an overall
transmission window FWHM about 380MHz. Careful alignment is necessary to
optimise mode matching between cavity and incident light, which determines the
performance in terms of transmission and extinction ratio. The transmission fre-
quency can be tuned by setting the temperature of the cavity. We use an active
feedback system to set the temperature and also lock it within ±3 mK. For each
cavity, we obtain a transmission rate of more than 90% and an extinction ratio of
more than 500. With three cavities together we have a transmission rate over 70%
and total extinction ratio up to 107.

How the frequency filter works. The frequency filter composed of a polarization
beam splitter, a quarter-wave plate and two sets of cascaded cavities, which are
resonant with Stokes and anti-Stokes photons, respectively. After the Wollaston
polarizer, Stokes and anti-Stokes photons are coupled into a single mode fibre.
Then the photons with horizontal polarization pass through the polarization beam
splitter and encounter the filter. Firstly the photons encounter the Stokes-resonant
cavity, the Stokes photons pass through the Stokes-resonant cavity, but the anti-
Stokes photons are reflected by the front surface of the Stokes-resonant cavity.
Then, the reflected anti-Stokes photons pass through the quarter-wave plate again.
Note that, double pass of a quarter-wave plate is equivalent to a half-wave plate.
The anti-Stokes photons therefore flip its polarization to vertical and reflected by
the polarization beam splitter, and finally pass through the anti-Stokes-resonant
cavity. We can see that the Stokes photons and anti-Stokes photons pass through
different set of cavities, respectively. There is no 50% loss of photons.

The transmission windows of cavities shown in Fig. 3a, b are measured with a
weak classical light from a DBR laser. Single photons are not the best choice for
measuring transmission windows of cavities since the fluctuations of single photons
and ambient noise will bring considerably difficulty to adjust and optimize the
cavities. On the other hand, high intensive light is also not suitable since the
cavities will be warmed by the intensive light and the transmission windows of
cavities will shift away from their correct frequency position.

Convolution-based bandwidth measurement. As shown in Fig. 3a, b, the total
transmission windows of the cascaded cavities are fitted by using

T fð Þ ¼ T0

1þ A sin2 d f � f0ð Þ½ � �
1

1þ B sin2 h f � f0ð Þ½ � �
1

1þ C sin2 g f � f0ð Þ½ � ; ð5Þ

where T0, A, B, C, d, h, g and f0 are fitting parameters. Detuning refers to frequency
difference f− f0. The grey circles are experimental data and the green lines are
fitting curves. Figure 3c, d are fitted by using

U fð Þ ¼ a exp
�2 f � bð Þ2

d2

� �
þ U0; ð6Þ

where a, b, d and U0 are fitting parameters. The grey columns are experimental
data and the blue lines are fitting curves. It is reasonable to consider U0 as noise
rather than signal photons, so it is U(f)−U0 rather than U(f) that describes real
convolutions. If function S(f) is assumed to be the frequency spectra of Stokes
photons or anti-Stokes photons, then

U fð Þ � U0 ¼ T fð Þ � S fð Þ; ð7Þ

Applying the convolution theorem, we achieve

F S fð Þf g ¼ F U fð Þ � U0f g
F T fð Þf g ; ð8Þ

where F{S(f)} is the Fourier transform of S(f), similarly for F{U(f)−U0} and F{T
(f)}. By applying inverse Fourier transform to F{S(f)}, we derive out the spectrum S
(f) of Stokes photons or anti-Stokes photons. The spectra are shown in Fig. 3e, f.

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request.
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