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ABSTRACT ARTICLE HISTORY
Quantum memory (QM) enables quantum state mapping Compiled March 25, 2022
between flying and stationary quantum states and is the build-
ing.block of quantum information scieqce, which enables to Quantum memory:
achieve a plethora of quantum information protocols, such as electromagnetically induced
quantum state transfer across remote quantum nodes, distrib- transparency; non-classical
uted quantum logic gate, and quantum precession measure- states of light

ment network. Great progresses of quantum memories have

been achieved, and electromagnetically induced transparency

(EIT) is one of the well-understood approaches of QM. Quantum

states of light are the essential quantum resources for imple-

menting quantum enhanced task, and thus it is a long-standing

goal to store and release non-classical states of light. This paper

presents an up-to-date review on recent developments in EIT-

based QM: EIT quantum memories have been realized in warm

atomic cell, cold atoms and solid system, respectively; and EIT

mechanism has been applied to store and release single

photon, squeezed state, entangled photon pairs and multipar-

tite entangled states of optical modes.
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Introduction

In quantum information science, quantum network can outperform the
classical approaches for fast processing, secure communication and preci-
sion measurement by making use of their quantum advantages. Like
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classical network, quantum network consists of quantum channels and
quantum nodes. Light is used to transfer quantum information in quantum
channel across quantum network due to its fast transmission speed and
weak interaction with the environment [1-3]. A variety of physical systems,
such as atomic ensembles [4-8], single atom [9,10], trapped ions [11,12],
superconductors [13], opto-mechanics [14-17] and crystals [18,19], can be
used as quantum nodes to store and process quantum information. In the
quantum internet, the loss and decoherence are unavoidable, which limits
its performance and scale.

Quantum repeater consists of entanglement purification, entanglement
swapping and quantum memory (QM), divides the entanglement distribu-
tion into short distance segments in order to overcome the above problems
[20]. High-performance quantum computation requires large-scale quan-
tum computers, which are also hindered by unavoidable decoherence.
Besides fault-tolerant quantum computation, the distributed quantum com-
putation paves another avenue to make quantum computation possible. By
dividing a larger computing cluster into smaller quantum modules, distrib-
uted quantum module structure can solve the unavoidable decoherence
problem, where the QM-based element registers can preserve, control and
read out quantum states [21]. In precision measurement, the ultimate
measurement sensitivity is limited by the quantum noise limit (QNL).
Spin squeezing that can be produced by storing the squeezed state provides
an effective approach to make sensitivity of atomic magnetometry to surpass
this limit [22]. Therefore, QM is the essential quantum resource for the
practical applications of quantum information science.

A variety of progress on quantum memories have been achieved includ-
ing different kinds of light and atom interaction mechanisms, such as
electromagnetically induced transparency (EIT) [23-25], quantum non-
demolition (QND) [26], gradient echo memory [27,28], atomic frequency
comb (AFC) [29], Raman scattering [20,30] and controlled reversible inho-
mogeneous boarding (CRIB) [31]. QM enables to map quantum state from
the flying optical mode to stationary matter system and on demand releases
it and vice versa. An EIT phenomenon induced by strong optical mode in an
opaque medium due to quantum interference is suitable for storing and
releasing quantum state of light on demand [23]. When quantum fields
propagate in EIT media, there form dark-state polaritons, and the quantum
states can be transferred between light and collective atomic excitations
[32,33]. The long-lived spin states with high atomic densities in warm
cesium (Cs) cell have been used to store the light onto spin orientation
within a decoherence-free subspace of spin states, and its storage time can
reach one second [34]. In QM, the memory efficiency is another key factor
for the successful implementing of quantum state mapping. Warm atomic
cell is one of the ideal candidates of memory media due to the simple
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structure and easy operation. The efficiency above 40% for the storage and
releasing with the optimal input signal mode shapes in warm rubidium (Rb)
atomic cell have been realized based on the time-reversal procedure [35].
The laser cooled atoms provide another memory platform with the good
coherence. By optimizing the optical depth (OD), a memory efficiency of
92% for coherent optical memory in optically dense cold atomic media has
been realized [36]. A QM for polarization qubits encoded with weak coher-
ent states at the single-photon level with an average conditional fidelity
above 99% and efficiency around 68% has been implemented with spatially
multiplex in an elongated laser-cooled ensemble of Cs atoms [37]. Besides,
the solid system is suitable for practical application of QM. The storage and
retrieval of light pulses in a Pr’™:Y,SiOs crystal have been demonstrated,
and the memory efliciency reaches 76.3% when the OD is increased to 84 by
using a ring-type configuration [38].

Quantum information includes the discrete variable (DV) and continu-
ous variable (CV) approaches, whose observables are with the discrete and
continuous eigenvalues, respectively. While the DV quantum information
can implement high fidelity task, the CV approach has the deterministic
advantage of generation, manipulation and detection, and thus both of them
are parallelly developed and the hybrid quantum information brings the
hope of practical application. Single photon and entangled photons are the
kernel resources and widely applied in DV quantum information tasks
[39,40]. The squeezing is not only the important concept of quantum
mechanics, but also the essential resources of quantum information tech-
nology [40-42]. Noise is unavoidable in quantum mechanics quantum, and
squeezed state can significantly reduce quantum noise of one component to
be below QNL while that of the other conjugate component is increased
[43]. For entangled states, there are non-local quantum correlations
between two sub-systems or among more sub-systems of entangled system
[44]. The entangled optical modes can be generated by coupling squeezed
optical modes on beam splitter (BS) and applied in quantum information
protocols, such as quantum logical gates [45,46], quantum secret sharing
[47-49], quantum teleportation [50,51], quantum entanglement swapping
[45,52,53] and quantum interferometer [54]. Both the DV and CV quantum
states have been widely employed in quantum information technology
[40,55], and thus on demand storage and releasing of the DV and CV
quantum states with high fidelity is a longstanding goal. So a variety of
efforts have been done to store and release quantum states of optical modes.
The EIT memory is suitable for non-classical optical modes, and quantum
memories for single photon, squeezed and entangled states have been
demonstrated based on EIT interaction [56-58]. QM for single photon
polarization qubits with a fidelity of 99% has been demonstrated in balanced
two channel laser cooled Rb atoms [39]. The DV polarization entangled
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photon pairs have been stored in cold atom system. An input single photon
is split into two orthogonally polarized on a beam displacer which forms the
spatially separated entangled modes. These entangled photon pairs have
been stored in two atomic ensembles and after a delay the entanglement is
released onto photonic modes. The on-demand entanglement of two atomic
ensembles has been generated by reversely mapping entangled states
between photons and atomic spin waves [59]. Besides, the CV squeezed
state resonant with Rb atomic absorption line can be generated by the
optical parametric amplifiers (OPAs), and its squeezed quantum noise
have been stored in cold and warm atoms [57,58]. Storing entanglement
in quantum nodes and then releasing the stored entanglement from atomic
ensembles to optical modes are the core problems for practical applications
[60-62]. Two sideband modes of entangled states have been stored in two
atomic ensembles based on QND interaction, which is used to create
entanglement between two atomic ensembles [56]. With the development
of quantum network, QM for multipartite CV entangled optical modes is
required for the multiple users in quantum network, which can map quan-
tum state between multiple entangled optical modes and quantum nodes in
quantum network. EIT QM can map quantum state between the spatially
separated CV entangled optical modes and atomic ensembles, which can
deterministically entangle more atomic ensembles. Three entangled optical
modes have been stored in three atomic ensembles and thus a GHZ-like
state is mapped from spatially separated optical modes to distant atomic
ensembles [63]. First, the tripartite GHZ-like entangled states are generated
by coupling three squeezed states on an optical BS network. Based on the
EIT interaction, tripartite entangled states are stored in three atomic ensem-
bles. Lastly, the entanglement can be released from atomic ensembles into
three optical modes on demand. QM for tripartite entangled states enables
to entangle three atomic ensembles. According to the inseparability criter-
ion for the tripartite CV entanglement, quantum memories for tripartite
entangled optical modes and the tripartite CV GHZ-like entangled states of
three atomic ensembles are verified. And QM for CV multipartite entangled
states can be extended to entangle more atomic ensembles by storing CV
entangled states with more optical modes. All the experiments have shown
the EIT memory system has the capacity of keeping quantum nature [64].

This review discusses the recent developments in QM. We focus on EIT-
based QM, including quantum memories implemented in warm atomic cell,
cold atom and solid system, respectively. In addition, we review the state-of-
the-art experimental developments on quantum storage and retrieval of
non-classical optical modes, such as squeezed and entangled states.
Particularly, we study the QM for tripartite entangled optical modes in
three atomic ensembles.
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2. The description of EIT

EIT is the result of quantum interference between atomic states caused by
the interaction between coherent electromagnetic field and multi-level
atomic system. Three possible structures of lambda(A), ladder and vee-
type(V) are in three-level system, as shown in Figure 1. A-type is applied
in a wide range of QM because of its narrow bandwidth.

2.1. Theory of EIT

The A-type structure in Figure 2 involves a ground state |g), a meta-stable
state |m) and an excited state |e). Two possible transitions can take place:
one is a weak field between |g) and |e) as signal mode and the other is
a strong field between |m) and |e) as control mode. When the two transi-
tions enter the atom ensemble together, they will interfere destructively and
lead the signal mode transparency [23,65,66].

The interaction Hamiltonian of light and atoms can be written as
H = H, + Hyy,, where H, is the part of the bare atom, and the interaction
Hiy can be expressed as ji - E. Rabi frequency is Q = i - Eg/h, where i is an
effective dipole moment, and E, is the amplitude of electric field E. Ais the
detuning of light frequency and transition. Considering that the detuning of
signal and control are equal, A = A; = A.. The Hamiltonian H,, of the
three-level atom interact with a control laser of Rabi frequency Q. and
a signal laser of Rabi frequency (J; in a rotating frame is [23]

) [0 0 Q,
Ho=-210 -204-4) & (1)
Q, Q. 24

The ‘mixing angle’ 6 and ¢ are used to simplify the Hamiltonian result,

tan 6 = %
oo (2)
tan2¢ = QSAH)C

The atomic state will convert to a zero energy state and a pair of components

of the atomic states with energy 2 (A + /A% +QF + Qf) The eigenstates

can be expressed as

a*) = sinOsin ¢|g) + cos ¢le) + cos Osin p|m)
= cos 0|g) — sin Om) (3)

a
a~) = sin6cos ¢|g) — sin ¢|e) + cos 6 cos ¢|m)

(=)
~
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Figure 1. The vee-type (V), ladder and lambda (A) structures in three-level system.

If the signal mode is weak (sin 8 = 0), and the signal mode is on resonance
(tan ¢ = 0), and thus the dressed states will form in the usual condition.
Within an adiabatic process, the Rabi frequency changes from Q; < Q, to
Q. < Q, with gradual increasing Q, and decreasing Q.. The initial state
|a%) = |g) will evolve into a meta state |m), which forms a dark state.

The EIT dynamics process depends on the master equation
p = [H,p] — yp, where y is coherent relaxation rate. Linear susceptibility y
satisfies the equation pP= soxfl in EIT [67]. The real part of y describes
dispersion, and the image part describes absorption. The detuning directly
influences the windows of EIT. When detuning is zero, signal mode and
control mode are on resonant, and the strength of interaction g is maximum.
The linear susceptibility can be written as [65].

$N(y, + i)
Voo T i) (ygs + i) + 22

= 4
=7 (4)

—— @

Figure 2. The general EIT system.
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where N is the number of atoms and y;; is the decay rate from energy level
j to i. Then the amplitude transfer T can be obtained from the function
T = exp{—kIm(y)L}, where k = 21/} is the wave number and L is the
length of medium. Then the transparency width can be calculated by the
atoms number density and the absorption cross section [65].

Another important character in EIT is ‘slow light’. The velocity is
related to refractive index within the real part of x, as well as the phase
velocity and the group velocity can be expressed by the refractive index n
in equation

‘ ‘ 14 R 5

= Vg_n—kwg—(t‘)’ n=1/(1+Re(x)) (5)
Harris SE, et al. first have pointed out the group velocity of light could be
slowed down with EIT [68], then Kasapi A, et al. have realized the group
velocity of 165 times degraded in pure lead vapor [69]. In the remarkable
work, Hau L, et al. have slowed the signal mode to 17 m/s in the ultracold Na
atoms [70]. Besides, the slow group velocity in warm atomic vapor has been
achieved in the same level [71,72].

2.2. Dark-state polaritons

Dark-state polaritons have been proposed by Fleischhauer M, et al.
[25,32], where there exists a quasiparticle and results in the slow group
velocity in EIT. The quasiparticle consists of a mixture of electromagnetic
field E and spin waves Ogm»> the information from photon converts to spin
wave polariton by changing the control mode. The quantum state com-
pletely transforms to spin wave in an adiabatic process, when the control
mode is turned off. With the weak signal mode and the strong control
mode, the evolution propagation equation of the electric field can be
written as [70]

0 0\ - o
(5 + C&) E(z,t) = igNGg(z, 1) (6)

The atoms are populated at |g) in Gy = 1. The control mode is varied slowly
so that it does not influence the cross length of the signal mode. Considering
a time varied control mode, the electric field and spin wave can lead to a new
quantum quasiparticle, which are given by

¥(z,t) = cos p(t)E(z, t) — sin p(t)VNogn(z, t) (7)

Q VN
cosp =———=,sin¢ = _&vT
4

— 8
N+ ®)
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The dark-state polaritons theory gives evolution of quantum states between
light and spin waves. Three stages of compression, storage and releasing of
optical pulse in memory medium are necessary for implementing QM. The
propagation of a dark-state polariton in Figure 3 shows quantum state
transfer in QM in three stages. The mixing angle is rated and shown in
(a). The coherent amplitude of the polariton, light and matter components
are plotted in (b), (c) and (d), respectively. From (c) and (d), it can be seen
that the quantum state is transferred between light and matter. In the
compressed process (—oo <t <0): when signal and control mode interact
with atomic ensemble simultaneously, the signal mode is compressed into
the atomic ensemble, and the dark-state polaritons are generated in this
process H(t) = Hin. Next process is the storage process (0 <t <'T), when
the signal mode is totally compressed into the atomic ensemble, the control
mode is switched off. At the storage time T, the quantum state is stored into

atomic ensemble, in this process H(t) = 0. Last process is the released
process (T <t<oo): when the control mode is switched on again, the
quantum state is transferred from atomic ensemble and the signal mode is

released, in this process H(t) = Hin(Q, = 0).

3. Quantum memory for classical state

There are many different memory mediums based on EIT, some of
which are discussed in this section. The different characters of atoms
with the good coherence promote the development of QM. Some crucial
properties including memory efficiency, fidelity, memory lifetime and
bandwidth are vitally important to evaluate the system. The memory
efficiency is obtained by the photon number ratio between the output
and input mode. Fidelity describes the overlap of the input state and
released state and is an only way to estimate the memory performance.
High-fidelity optical QM faces some difficulties for practical applica-
tions, mainly due to the quantum de-coherence. The fidelity is limited
by memory efficiency and memory noise. Thus, high efficiency and low
noise QM are demanded for practical applications. On the one hand,
the improvement of memory efficiency is essential, which has been
implemented by means of large optical depth [73]. On the other
hand, the suppression of FWM noise, which is the main memory
noise, is the key for high fidelity QM. Under conditions of EIT accom-
panied by a process of FWM, quantum noise can be suppressed by
using interference destruction of optical cavity [31] or preparing the
signal and idler modes in a two-mode squeezed vacuum state [74].
Besides, the long memory lifetime is the key parameter of QM and
ensures the good coherence for quantum repeater [30].
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100 150

Figure 3. Propagation of a dark-state polariton. (a) The mixing angle is rotated from 0 to 77/2. (b) The
coherent amplitude of the polariton, light and matter components are plotted. (c) (d) the quantum
state is transferred between light and matter, respectively. Reprinted with permission [32].

The warm atomic ensemble, cold atomic ensemble, solid state and so
on can be implemented in QM. In general atomic EIT, high efficiency
of photon memory in atomic system has been achieved by using con-
trolled wave shapes for the control field [75]. Later, QM of single-
photon polarization qubits can be implemented via double EIT, where
the optimal optical depth can be given for both maximum efficiency
and high fidelity by suppressing the optical absorption and dispersion
via the optimal input qubit pulse and the amplitude of the control field
[76]. A cold Rydberg atomic gas can be used as one of ideal memory
platform. Photons have been stored with fast quantum state generation
and long lifetime [77,78]. Moreover, the nonclassical storage and retrie-
val of a multiphoton pulse has been realized [79]. A stable high-
dimensional single light bullets and vortices have been generated, stored
and retrieved with high efficiency and fidelity [80]. Besides, in quantum
dots with a Rashba spin-orbit coupling, a highly efficient and control-
lable storage and routing of single photon have been realized [81].

The linear probe pulse suffers serious distortion for retrieved pulse,
because the dispersion in EIT leads to the spreading and attenuation.
Starting from derive a nonlinear Schrodinger equation describing the
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evolution of the probe-field envelope, optical solitons with an ultraslow
propagating velocity and extremely low generation power can be obtained.
Besides linear optical pulses, EIT can be used for the memory for nonlinear
optical pulses. QM for a stable nonlinear optical pulse can be realized in an
ultracold ladder-type three-level atomic gas [82]. The storage and retrieval
of optical soliton can be realized in a coherent atomic system [83,84]. The
memory for a surface polariton can be realized in quantum emitters doped
at the interface between a dielectric and a metamaterial [85].

3.1. Quantum memory in warm atomic ensemble

Warm vapor is more convenient and scalable compared with cold atoms,
because its OD can be enlarged by increasing the temperature, and its
coherence time can be improved by the paraffin coating. The memory effi-
ciency mainly depends on OD [73]. In order to improve the efficiency, the
different temporal function of input pulse can be used. For a given system, the
optimal temporal function of signal mode is determined under a given OD by
iteration method, which realizes the high memory efficiency.

Novikova I, et al. have mentioned and proved the iteration method in 2007
[35], which can apply in both classical and quantum regimes. In a 7.5 cm
vapor filled with 8 Rb and 40 Torr Ne, the temperature is 60 ° C and the OD is
9. A three layers magnetic shield is used to prolong the coherence time of Rb
atoms. The beam from laser is divided into two sections: one beam is shifted
6.8 GHz by electro-optical (EOM) as the control mode, and the other directly
is used as the signal mode corresponding to D1 transition of ® Rb. The
wavelengths in atomic system are usually 780 nm (795 nm) and 852 nm
(895 nm) which correspond to the D2 (D1) absorption lines of Rb and Cs,
respectively. The D1 transition is simple in EIT because other energy level is
far from this line. The optimal input temporal function is gotten by iterating
the released mode shape as input until the input and output pulse shapes are
similar. Figure 4 shows the iteration signal mode by a certain control mode
and the efficiency with different pulse shape. One to five are the number of
each iterative experiment, and its efficiency grows in each experiment until the
input signal mode shape becomes optimal. It is based on an assumption that
the control mode shape does not influence the efficiency in each experiment
[86]. The OD and the Rabi frequency of the control mode are the main factors.
So the process of finding the optimal pulse means a mutual matching pair of
control and signal modes to the spin wave of the atoms. Its dynamic equation
is described as [73]: the time from -co to 0 represents the input mode shape,

and the output mode describes from T to co after storge time T. P represents

optical polarization operator from the ground state to the excited state. Sis
spin operator. p, is the decay rate of spin wave, which directly relates to the
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lifetime of the memory. Considering adiabatically approximation, eliminating
P simplifies the system. Another important parameter is interaction coeffi-

cient gv/N. The experiment results are constant with the theory prediction
and realize above 40% memory efficiency. In some special cases, the input
pulse shape is fixed, so the shape cannot be modulated by EOM or acousto-
optical modulators (AOM). For a given signal mode shape, the efficiency also
could be improved by modulating the control mode shape. A possible way is
provided to calculate the control mode shape [87]. Such the control mode
shape is used to map the signal mode onto the true spin wave. Therefore, it is
verified that the maximum efficiency always can be obtained under a given
OD by using the optimal signal or control mode shape independently.

3.2. Quantum memory in cold atomic ensemble

QM in cold atom based on EIT is explored recently. The cold atomic
cloud is collected by the magneto-optical-trap (MOT) as memory med-
ium to store classical coherent optical state. In cold atomic QM, where
a cold-atom cloud is generated by applying a moderate extra magnetic
field in the MOT, and QM with high memory efficiency, high fidelity
and long lifetime has been demonstrated.

Experiment Control field
.............. \ o e e
1 1
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Figure 4. The iteration signal mode by a certain control mode and the efficiency with different
pulse shape. Reprinted with permission [35].
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The initial state |¢) needs to be prepared by pumping the whole population
and trapping the atoms ensemble for a while to increase the atomic density and
OD of the system. Chen YH, et al. have achieved the slow group velocity and
light storage by cooling the ¥ Rb atoms ensemble to around 300K in
a magnetic optical trap [88]. The signal mode Q,* is injected along the major
direction of the atom cloud. The control mode contains light toward and
backward with an angle of 0.4° along the signal mode. Figure 5 is the experiment
setup for QM in cold atoms and the energy level. Q, and (. are the Rabi
frequencies of signal and control modes respectively, and the OD has reached
156 in this condition. Photon detectors PD1 and PD2 are used to collect the
signal photons in forward and backward with collection efficiencies of 52% and
68%, respectively. Finally, the memory efficiency of 78% is achieved by using
a 1.5 us Gaussian pulse, and its coherence time is 98 us. After this study, high
fidelity and long memory lifetime have been achieved by lifting Zeeman
degeneracy [89]. First of all, a pair of orthonormal bases are needed
to store polarization qubit act on atoms. The signal and control modes
enter along the quantum axis of atoms, which can decrease the deco-
herence. In a weak magnetic field, four energy structure can be simpli-
fied as three energy levels. Such process of storage is described by dark
state. During shutting off the control mode adiabatically, the informa-
tion is stored in a superposition state. In cold atom mechanism, mem-
ory time mostly depends on the atoms motion, where t; = 1.3ry/v,, 1g is
the radius of signal mode, and v, is the average atom velocity

(v, = \/2kyT/m). When the control pulse is turned on, the spin wave
is mapped onto signal mode. Finally, the high fidelity is achieved, and
the fidelity has been varied from 98.6% with 200 us to 78.4% with 4.5
ms memory time.

Cs atoms contribute to the minimal four wave mixing (FWM) effect due to
its lager ratio of the hyperfine splitting to the spontaneous decay. The deco-
herence can be optimal through reducing the angle between the control and
signal modes, because the slight phase mismatching can destroy the matching
condition to reduce noise. In a low noise condition, the overall efficiency
depends on the slow light and the dark state polariton. For shorter memory
time and larger OD, the maximum overall efficiency finally gets close to the
transmission efficiency. The overall efficiency is divided into three parts includ-
ing transmission, compression and releasing, which is analyzed on Maxwell-
Bloch equation [36]. In experiment Hsiao YF, et al. optimize a cold atomic Cs
trap to realize QM. With the 20 ns signal pulse and Q. = 24T, the OD ups to
1000 and the optimized waveform of signal mode are used in experiment. The
next part introduces the optimized signal mode. Because the FWM is increased
with the OD, the fidelity is inverse to the FWM gain [90]. The efficiency reaches
92% and its FWM gain is < 3% when OD is selected to 816 for reducing noise.
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Figure 5. The experiment setup for QM in cold atoms. The energy level shows in the bottom
left. Reprinted with permission [88].

In this year, a spatial dual-rail memory has been realized at the single photon
level, besides dual-rail details describe elaborately in single-photon state section.
The polarization state of 68% memory efficiency and 99% fidelity have been
achieved with an OD around 200 [37]. So the multiplexing approach provides
one way to realize high-capacity QM.

3.3. Quantum memory in solid state

Solid state not only has long coherence time but also can be extended to
other wavelength with the rare earth ions. Broad bandwidth is used in a wide
range of application [38,91-93]. Therefore QM in the rare earth ions
becomes one of the valuable methods. For the rare earth ion of solid, the
energy in 5s or 5p shell is smaller than 4f shell in the farthest electronic shell
of rare earth ions, so the electron will fill the 5s and 5p shell first. In this way,
the electrons in 4f will be isolated by two layers shell, and it leads to the
narrow bandwidth and longer coherence time. The lifetime of spin wave can
be prolonged by adding the external magnetic field. The spin echo can be
used to overcome the fast decay of spin inhomogeneous broadening.
Heinze G, et al. have realized a long lifetime memory in 2013 by combining
EIT and zero first order Zeeman point [94]. The intensity and frequency are
adjusted by the evolutionary algorithm to realize the optimized memory
efficiency, and the magnetic field is also optimized in the experiment. In the
Pr’*:Y,SiOs crystal, the image information of 605.98 nm signal fields is stored
into atomic coherences by using EIT mechanics. Through preparing the initial
state, the signal mode converts to the atomic coherence. After memory time T,
the control mode destroys the atomic coherence and gets the retrieval signal
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mode. The signal amplitude is measured by photo-electric detector, and the
memory time has reached up to one minute. Figure 6 shows the signal mode
energy and the retrieved images vary with memory time. Because memory
efficiency mainly depends on OD, the simply way is increasing the density of
ions or the length of the crystal to increase OD. However, the density and
length usually are determined by the growth of the crystal. If the crystal is a few
millimeters, its OD is under 10. Another useful way is multi-passing through
the crystal, which remarkably increases the length of interaction with through
times M. Though the crystal length is small, it still could realize a stronger
interaction. So, the muti-pass configuration reduces the need of crystal in QM.
In 2016, Schraft D, et al. set up a multi-pass configuration in a rare-earth ion-
doped crystal. The OD can increase 16 times from 6 to 96, and a high efficiency
up to 76.3% is achieved [38]. The multi-pass could be set up by pairs of lenses,
and the signal mode moves in a small displacement by adjusting an optical
mirror, but the beam position through the crystal is fixed each time. After
several transmission times, the displacement of signal beam is out of the mirror
and it has already achieved M passes. The times will double if the signal mode
is reflected and traveled another same distance out of the system, and thus 2 M
passes are realized. The control mode reverses through the crystal propagation
axis with an angle of 1°. With lager OD, the more signal modes are compressed
in the crystal. The efficiency is improved from 33.8% for single pass to 67% for
10 passes. The optimal waveform is also verified in the experiment with
a maximal memory efficiency of 76.3% for 14 passes.

4. Quantum memory for non-classical states

The non-classical states of light are widely applied in quantum information
science, and thus QM for the non-classical states of light is demanded. In
general, non-classical states include single-photon state, squeezed state and
entangled states. The non-classical states of light are the important quantum
resources for quantum information, and very fragile due to the unavoidable
decoherence. Thus, QM for non-classical states of light is critical for both
high memory efficiency and memory noise close to quantum noise limit,
which ensures a high-fidelity QM. QM of non-classical states can be applied
in quantum information processes, such as quantum computation, quan-
tum measurement and quantum clock network.

4.1. Quantum memory for single-photon state

DV QM with higher fidelity has practical applications in quantum infor-
mation processing and quantum computation. As well known, in a QM
processing, higher memory efficiency and higher fidelity are essential for
QM. For example, linear optics quantum computation requires the
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Figure 6. The signal mode energy and the retrieved images varies with memory time. Reprinted
with permission [94].

manipulation of single-photon qubits and cannot work with coherent light
pulses [95]. So many groups dedicate to the research of QM for single
photon. Wang YF, et al. have been achieved the high-performance single-
photon QM, based on two-channel EIT in laser-cooled ® Rb atoms
[39,96]. To realize efficient single-photon QM, there are two main chal-
lenges to be tackled. One of them is suppressing the extra noise. Extra
noise is unavoidable in practical experiment and significantly degrades the
fidelity of a single-photon state. By setting an angle between the control
modes and the signal modes, the scattering and coupling of the control
modes to the signal modes have been suppressed, and by combing with
other efficient filtering techniques, low noise and high single-photon
purity are achieved. Besides, the FWM noise is significantly suppressed
by the phase mismatching due to the large angle separation in nonlinear
process [97]. The other challenge is taking advantage of single-photon
with controllable spectral-temporal states to match the signal modes. The
primary approach is photon shaping technique. The Gaussian-shape
biphoton waveform is generated by mapping the pump field spatial profile
onto the atomic cloud. Solving these two problems is the key to complete
the experiment. The experimental setup and energy level scheme of the
single-photon QM are shown in Figure 7. The atomic energy level scheme
of the QM based on EIT is A-type three-level system. There are double
MOTs of cold ® Rb atoms in experiment. The heralded single-photon
source is generated firstly, and the QM process is operated secondly. In the
first MOT 4, the time-frequency entangled narrow-band paired Stokes and
anti-Stokes photons are generated by spontaneously mapping counter-
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propagating pump and coupling beams to atomic cloud. When a Stokes
photon is detected, its paired frequency anti-correlated anti-Stokes photon
is projected to a pure single-photon state with a temporal waveform to
match the signal modes [98,99]. The generated anti-Stokes photons with
optimal Gaussian-shape are circularly polarized. After passing through
a quarter wave plate (QWP) and a polarization-maintaining single-mode
fiber, an arbitrary polarization state S = cos4|H) + e” sing|V) is created,
where « and f are the angles denoting the polarization state on the Bloch
sphere, and |H) and |V) are the two polarization bases. The polarization
modes are spatially separated after a beam displacer (BD). Then the single-
photon enters the second MOT , [96], and the control laser beam is
switched off. During the storage time, the single-photon is stored and
preserved in atom medium. Then the control laser beam is switched on
to release the photon modes from input modes. It is worth noting that
storing the polarization qubit state in the two-dimensional Hilbert space,
a spatially multiplexed dual-rail scheme is utilized to convert the two
polarization bases into two spatial modes. The two released modes are
combined after the BD, and detected simultaneously by a polarization
qubit analyzer. Besides, the two spatial channels are required to have
identical memory performance to achieve high fidelity. By measuring the
released modes, a single-photon polarization qubit memory efficiency and
fidelity can reach 90.6% and 99%, respectively. In addition, the fidelity will
decrease with longer storage time because of the reduced memory effi-
ciency and the increased two-photon probability. The two-channel QM
configuration with high memory efficiency and high fidelity can push the
photonic QM closer to practical applications in quantum network.
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Figure 7. Experimental setup and energy level scheme of the single-photon QM. (a) Schematic
of the experimental optical setup. (b) The memory operation timing shows the MOT sequence
and the optimized control laser intensity time-varying profile in each experimental cycle. (c) The
atomic energy level scheme of the QM based on EIT. Reprinted with permission [39].
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4.2. Quantum memory for squeezed states memory

QM for squeezed states of light is a necessary component of quantum
information science and technology that will significantly improve the
precision of quantum measurement [57,58]. So the storage and retrieval of
squeezed states of light are necessary in actual application.

In the QM for squeezed state of light based on EIT system, the first step
is preparing squeezed light. The experimental setup for generation, sto-
rage, and transfer of squeezed state is shown in Figure 8 [58]. A Ti:
Sapphire laser pumped by a single frequency solid state laser is tuned to
the 8 Rb transition at 795 nm, which is used as the fundamental wave laser
of the second harmonic generation (SHG). Then the resulting second
harmonic light pumps our squeezed light source, a degenerate optical
parametric amplifier (DOPA) [100], which produces the squeezed light.
To store the squeezed light, the DOPA output squeezed light has to be
chopped into microsecond pulses by an ultrafast mechanical chopper to
decrease the optical losses. The EIT control light frequency shift of
6.8 GHz is provided by a separate diode laser. The squeezed light has
entered into atomic ensemble and been retrieved after a period of storage
time, and finally the memory efficiency is measured by the photon detec-
tor. Due to the unavoidable excess noises in the experiment, the noise
values of the measured released states are always higher than the shot
noise. The quadrature components for the input and released signal light
are measured by means of balanced homodyne detector (BHD) with a local
oscillator (LO) derived from the master oscillator. The quadrature noise of
signal mode can be analyzed by employing the time-domain method,
which acquires the signal from the detector and performs Fourier trans-
form of the obtained real-time waveform [101-104]. In this measurement,
S(¥) represents the measured power noise, where 1 is the phase difference
between the squeezed state and the LO, ¥ = 0 and ¢ = 7/2 stand for
maximized and minimized noise value, respectively. The relative phase is
controlled and locked by means of Pound-Drever-Hall technique. By
combining with adjusting the sampling rate of real-time homodyne signal
and averaging the trials of Fourier-transformed power noise, the varied
noise spectra of the squeezed state are obtained. In recent study, 600 ns
pulse of 1.86 dB squeezed state at 795 nm has been stored in a Rb cell, and
the released pulse of 0.21 dB is analyzed by homodyne tomography [57].
The squeezed state pulse with a temporal width of 930 ns has been stored
in laser cooled Rb atoms, and the squeezed state of 0.16 dB has been
released at the storage time of 3us [58]. It is worth noting that when the
squeezed state is stored in the atomic ensemble, the collective atomic spins
are also squeezed, and their quantum fluctuation is suppressed below the
shot noise.
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Figure 8. Experimental setup. the inset shows the atomic level configuration. Reprinted with
permission [57].

4.3. Quantum memory for entangled states memory

In quantum network, quantum repeater architecture is essential and
could efficiently overcome transmission loss to achieve long-distance
information transmission. In 2001, Duan, Lukin, Cirac and Zoller
proposed an original approach to perform scalable long-distance quan-
tum communications, involved atomic ensembles, linear optics and
single photon detectors. Storing and distributing entanglement among
distant matter nodes by means of photonic channels are the fundamen-
tal portion. Generally atomic ensembles can play the role of such nodes
[20]. Quantum information of entanglement is able to map onto atomic
ensembles by QM.

4.3.1. Quantum memory for entangled photons memory

Quantum state transferred from DV entangled states of light to atomic
spin waves is an effective approach. QM for entanglement enables to
entangle two atomic ensembles which has been proved based on EIT by
Kimble HJ [62]. The experimental setup is depicted in Figure 9. In
order to separate the generation of entanglement and its storage,
a single photon is split and performed [105-107]. After the entangled
photons are mapped into atomic ensembles, the stored entanglement is
mapped back into photonic modes. Then the released entanglement is
distributed into two remote atomic ensembles for quantum network.
The progress mainly concludes two procedures [108]. The first stage is
entanglement swapping, single photons are polarized at 45° from the
eigen-polarizations of the beam displacer, which are split into two
photon modes to generate an entangled state of light. The next stage
is that the entanglement is coherently mapped onto two spatial cold
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atomic ensembles in MOT to create the entanglement between two
ensembles. The spin-polarized atomic ensemble into one Zeeman sub-
level of a hyperfine ground state is used to avoid dissipation for the
necessary polarization of photon modes in this process. This mapping
leads to heralded entanglement between two ensembles. After user-
controlled time, the stored atomic entanglement is converted back
into entangled photonic modes to transmit. By using the fitted function
of the input signal mode as the initial condition with all other para-
meters, an overall memory efficiency can be obtained, which is in
agreement with the simulation of theory [32]. Released entanglement
is measured by constructing the reduced density matrix. The QM
efficiency is concluded in the total transmission efficiency of entangle-
ment from input modes to output modes. Optimal pulse shaping and
OD are adopted, and the entanglement transfer efficiency could be
greatly improved. The presence of entanglement between the two
atomic ensembles is explicitly quantified. Therefore QM of entangle-
ment is vital in quantum information, and entanglement could be
significantly preserved by atomic nodes.

4.3.2. Quantum memory for tripartite entangled states memory

Besides QM for entangled photons, the on-demand storage and release
of CV entangled states of light are demanding. In the regime of CV,
a notable advance has been used to transfer quantum states between
light and matter. Quantum networks must have the crucial ability to
entangle quantum nodes. QM of multipartite entanglement based on
EIT is verified [63]. The experimental setup for generation, storage,
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Figure 9. (a) Reversible mapping. lllustration of the mapping of an entangled state of light into
and out of a QM. (b) Entangled a pair of photons. (c) Quantum interface for reversible mapping.
(d)Entanglement verification system. Reprinted with permission [59]
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and transfer of tripartite entanglement is described in Figure 10. At
first, the tripartite optical entangled states is off-line prepared (part I).
A Ti:Sapphire laser is used as the fundamental wave laser of the SHG,
and input seed laser to pump the three DOPAs, which produce three
squeezed vacuum states. The squeezed states are coupled at two optical
BSs to generate three narrow band entangled optical beams turned to
the transition of Rb D1 absorption. Quadrature phase squeezed state is
generated by OPAL1 that operates at the parametric amplification, and
the quadrature amplitude squeezed states are generated by OPA2(3)
that operates at the parametric de-amplification. The output optical
fields from OPA1 and OPA2 are coupled at a 1:2 optical BS, and then
the output optical modes from this BS and OPA3 are coupled at a 1:1
BS. Then the tripartite entanglements are stored into three atomic
ensembles and the preserved entanglement is subsequently transferred
back into optical entangled states (part II). In this process, the tripartite
entangled states pass through three pairs AOMs to shape wave packet
and the control laser passes through a high speed EOM to achieve
frequency shift. At last, the three released entangled states are measured
by three BHDs (part III). The released entanglements pass through the
Glan-Thompson polarizers and a series of etalons to filter control laser.
Only the entanglement reached three sets of BHDs is measured com-
bining with LO from Ti:Sapphire laser. The criterion of quantum
correlation variances is used to estimate whether there is an entangle-
ment among three atomic ensembles [109]. The correlation variances
can be obtained by measuring the quadrature amplitudes and quadra-
ture phases of input and released signal modes with the help of BHDs
[110-112]. When the gain factors are took the optimization to minimize
the corresponding correlation variances, the sum of correlation var-
iances for three released signal modes is less than 1 [62]. The entangle-
ment among released signal modes is verified by criterion inequalities.
The value in experiment is consistent with the calculated result in
theory. Thus, the tripartite GHZ-like entanglement among three space-
separated atomic ensembles is experimentally demonstrated and this
system has the capacity to preserve multipartite entanglement. Overall,
the performance of QM for tripartite entangled states memory is mainly
limited by the quality of entanglement source and the fidelity of mem-
ory system. The QM for multipartite entangled states is the foundation
of Quantum information. For example, the QM for multipartite
entangled optical modes can be potentially applied in distributed quan-
tum logic gates. If the fidelity of QM is high enough and good quality
of multipartite cluster state resource is employed, it is possible to realize
distributed quantum logic gates.
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system. Reprinted with permission [63].

5. Conclusions and Outlook

In summary, we have reviewed the developments in the past few years of
EIT-based QM in the warm and cold atomic ensembles and solid system,
respectively, which is the building block of quantum network. The EIT
interaction between light and atoms enables to store and release optical
modes. Quantum memories for non-classical states of optical modes are
necessary for establishing and storing non-classical states of light in atomic
ensemble. Especially, tripartite entangled states of optical modes can be
generated by means of three OPAs and the BS network, and the quantum
memories for non-classical states including squeezed state and entangled
states have been proved. The multipartite entangled states can be generated
by storing multipartite entangled optical modes.

High-performance QM is demanding for practical applications, and there
are many techniques which enable to improve the performance of QM.
Because the optical cavity can enhance the light--atom interaction, the
conversion efficiency of atomic spin wave to photons can be increased
[113,114]. Besides enhancing the memory efficiency, the cavity can effectively
suppress the memory noise. The paraffin coating of the warm atom cell wall
can extend the memory lifetime, and in this way the lifetime can reach the
scale of millisecond [22,56]. Quantum entanglement of remote quantum
nodes holds promise for the applications of quantum network. Quantum
frequency conversion enables to shift between atom and telecommunication
wavelengths to greatly extend the distance of entangled nodes. High-
performance QM can advance the high-fidelity quantum information pro-
cessing. There are many interesting topics to study in the practical applica-
tions of these high-quality quantum memories such as distributed quantum
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gates [21] and quantum enhanced atomic magnetometry [22]. Atomic
ensemble based QM enables to implement distributed quantum computation
and quantum enhanced atomic magnetometry [22,115]. The distributed
controlled-phase gates can be implemented by storing quadripartite cluster-
like optical modes, which is the essential integral of one-way quantum
computation [115]. Spin squeezing can be generated by storing squeezed
state and enables the sub-QNL sensitivity of magnetometry [22,116].
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