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Abstract
Electromagnetically induced transparency (EIT) is a promising approach to implement quantum
memory in quantum communication and quantum computing applications. In this paper,
following a brief overview of the main approaches to quantum memory, we provide details of the
physical principle and theory of quantum memory based specifically on EIT. We discuss the key
technologies for implementing quantum memory based on EIT and review important milestones,
from the first experimental demonstration to current applications in quantum information
systems.

Keywords: quantum memory, quantum communication, electromagnetic introduced
transparency

(Some figures may appear in colour only in the online journal)

1. Introduction

Quantum memory is used to temporally store quantum states
and to retrieve them at a later time. When the quantum states
are prepared and manipulated using photons, it is called
optical quantum memory. Because current quantum systems
are mainly based on photons, the term ‘quantum memory’ in
this paper refers to optical quantum memory. As an important
application example, quantum memory can synchronize
operations in linear quantum computing [1–3] and quantum
networks [4] by storing and releasing quantum bits at the
desired times. By temporarily storing quantum states, quant-
um memory serves a critical role in teleportation-based
quantum repeaters which enable long distance quantum
communications beyond the loss limitation in optical fibers
[5–7]. Furthermore, quantum memory can convert a heralded
single-photon-pair source, such as from spontaneous para-
metric down conversion (SPDC) with an arbitrary emission
time, into a deterministic one with a well-defined emission
time [8]. In addition, quantum memory can be applied to
precision quantum measurements based on the quantum
interference of atomic ensembles and thereby improve the

precision of magnetometry, atomic clocks and spectroscopy
[9]. Because quantum memory plays such important roles in
quantum information systems, the development of quantum
memories is currently an active research area with a variety of
approaches being proposed and experimentally demonstrated.
So far, several comprehensive review articles on quantum
memories have been published [10–15]. In this review, we
will focus on quantum memory based on electromagnetically
induced transparency (EIT). Following this short introduc-
tion, we will present a brief overview of the current major
quantum memory approaches in section 2. The theoretical
background of EIT quantum memory is given in section 3 and
the key techniques for EIT quantum memories are described
in section 4. The progress in the development of applications
for practical EIT quantum memories is reviewed in section 5.
Finally, we conclude with an outlook of future research and
applications for EIT quantum memories in section 6.
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2. Overview of quantum memory approaches

The function of quantum memory is to convert a flying qubit
into a stationary qubit, to store the quantum state for a period
of time and to convert the stationary qubit back into a flying
qubit at a required time. According to [14], current quantum
memory approaches can be categorized into three schemes:
(1) optically controlled memories; (2) engineered absorption;
and (3) a hybrid scheme that combines these two schemes.

The optically controlled scheme uses a strong optical
pulse to induce absorption of a photon into the storage
medium. This type of memory typically uses a Λ (lambda)
type three-energy-level structure (as shown in figures 1(a) and
(b)). Two allowed transitions between the ground levels (|g〉
and |s〉) and the excited level (|e〉) are for the signal and the
control light. The transition between the two ground levels is
forbidden for the long radiative lifetime of the storage state.
The typical storage and retrieval process of this scheme is
shown in figure 1(c). A strong control beam (also known as
the coupling beam and whose wavelength is close to reso-
nance between |s〉 and |e〉 levels) is applied to the storage
medium and ensures that all atoms are in the ground level (|
g〉) before a single photon signal (also known as the probe
light and whose wavelength is close to resonance between |g〉
and |e〉) enters into the medium. The control and signal beams
must be in a two-photon resonance condition but each field
can be detuned by an amount (Δ) from the excited level (|e〉).

After the signal pulse fully enters into the medium, the control
beam reduces adiabatically to zero and the signal photons can
be coherently mapped onto an atomic spin wave. The signal
photons, with its quantum properties preserved, can be
retrieved later by reapplying the control beam. In this scheme,
the retrieval is on-demand—the signal can be retrieved
immediately when the control beam is reapplied. However,
the signal photon is emitted together with the strong control
beam, resulting in a major noise issue. Currently, this scheme
has two main approaches that are referred to as EIT and
Raman quantum memory. EIT is an optical phenomenon in
atoms that uses quantum interference to induce transparency
into an otherwise resonant and opaque medium. EIT can be
used for slow light, light storage and quantum memory
applications. In EIT, the detuning, Δ, between the two-pho-
ton resonance and the excited level is small (within the
linewidth of the excited level). Therefore, since the control
and signal beams are on the resonant atomic transitions, the
control beam does not need very high power but its usable
bandwidth is limited to sub-MHz (for warm atomic vapor)
and tens of MHz (for a laser trapped cold atom). The quantum
memory based on EIT was first described by Fleischhauer and
Lukin in 2000 [16] and has since been demonstrated experi-
mentally with a variety of materials and approaches. EIT-
based light applications are comprehensively reviewed in
[12, 17, 18]. EIT quantum memory can be implemented using
a warm atomic vapor [19–23], cold atoms [24–32], Bose–

Figure 1. Optically controlled scheme (a) energy level structure of EIT approach, (b) energy level structure of Raman approach, (c) storage
and retrieval process of EIT and Raman. Ts: spin wave storage time.
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Einstein condensate (BEC) [33–35] or rare-earth (RE) doped
solid state materials [36]. Using EIT, long storage times of
greater than 1 s for quantum memory [35] and greater than
1 min for optical memory have been demonstrated [37].
Currently, most EIT quantum memory schemes are based on
rubidium (Rb) atoms or cesium (Cs) atoms, and the
corresponding operating wavelengths are 780 nm and 795 nm
for Rb or 852 nm and 895 nm for Cs. In comparison to EIT
memory based on a warm atomic vapor, the cold atoms
system can provide a much longer spin coherence time,
resulting in a longer available storage time. On the other hand,
atomic-vapor-based EIT only requires magnetic shielding and
temperature control of the vapor cell, which is relatively
inexpensive and scalable, while cold-atom-based EIT requires
a magneto-optical trap (MOT) to prepare the atomic temp-
erature to near zero kelvin. Raman quantum memory was first
proposed in 2000 [38] and uses three energy levels in an
atomic ensemble that is similar to EIT. The main difference is
that the detuning (Δ) between the two-photon resonance and
the excited level in Raman quantum memory is much larger
and uses the off-resonant Raman interaction. Since, unlike
EIT, the Raman-quantum-memory approach does not rely on
a transparency effect, it has a larger operational bandwidth.
Experiments have demonstrated over GHz storage bandwidth
using Cs and Rb atoms and over THz with diamond and
hydrogen molecules. Consequently, Raman quantum memory
can store a temporally short pulse which necessarily com-
prises of a large range of frequencies, and is suitable for high-
speed quantum memory [39]. In principle, the storage time of
the Raman approach can match that of EIT memories,
because the limitations to the coherence time are same for
both approaches. Currently, using Raman quantum memory,
storage times of up to 1.5 μs in warm gas vapor [40] and
500 ns in cold gas [41] have been experimentally demon-
strated. Because it is implemented off resonance, Raman
quantum memory requires a very strong control beam. The
strong control beam likely causes spontaneous four-wave-
mixing (SFWM), and results in a high number of noise
photons that are in the same spatial, temporal and frequency
mode as the retrieved signal photons [42]. The problem is
particularly severe with implementations in warm atomic
ensembles. Raman memory in cold atoms can eliminate large
Doppler broadening and uses small off-resonant detuning and
a weaker control field. Recently, Raman memory in cold
atoms has been demonstrated with very low noise and has
been used for non-classical light storage [41, 43]. Raman
quantum memories are first realized experimentally by
Walmsley’s group in an atomic vapor [39, 44–46]. Several
groups have since realized this type of quantum memory in
cold atoms [41, 43], solid state [47, 48] and molecules [49].
The operating wavelengths for Raman quantum memory are
dependent on the medium and include 852 nm (Cs vapor
atom), 780 nm (cold Rb atom), 723 nm (diamond) [47, 48]
and 600 nm (hydrogen molecules) [49].

The engineered absorption scheme is based on photon
echo [50, 51] and is therefore also called the photon echo
scheme. The quantum memory approaches based on this
scheme include controlled reversible inhomogeneous

broadening (CRIB) and atomic frequency combs (AFCs). In
the CRIB protocol, first proposed in 2001 [52], atoms are
excited by optical pump with a spectrally ‘burned hole’ to
create a narrow absorption line and transfer other population
into the auxiliary state and followed by an external electric or
magnetic field to produce a controlled inhomogeneous
broadening, which is reversed after a certain time to enable
the re-emission of the stored light pulse (signal photons) by
photon-echo. If the direction of variation of the external
electric or magnetic field is perpendicular to the propagation
of the signal photons, it is called transverse CRIB. If the two
directions are parallel, it is called longitudinal CRIB or,
commonly, gradient echo memory (GEM). In the GEM pro-
tocol, the atomic detuning has a linearly varying spatial
dependence, which, in principle, allows for a unity efficiency
without additional techniques such as cavities or phase
matching optical fields. The energy level structure together
with the storage and retrieval process of CRIB are shown in
figures 2(a) and (b). AFC, first proposed in 2009 [53], is
another approach of photon-echo based quantum memories.
In AFC, by using a spectrally comb-structured optical pump,
the broad optical transition is shaped into a number of peri-
odic and narrow absorption lines equally spaced in the fre-
quency domain. The AFC plays a similar role to the
inhomogeneous broadening in CRIB. After absorption of a
quantum signal, whose bandwidth covers a few lines of the
comb, the state of the light is transferred to collective atomic
excitations, and atoms at different frequencies begin to
dephase. Because of the periodic structure of the absorption
line, a rephasing occurs after a time corresponding to the
inverse of the frequency comb period (δ). When all the atoms
return to an in-phase status, the light is re-emitted in the
forward direction as a result of a collective interference
between all the emitters. The energy level structure and the
storage and retrieval process of AFC are shown in figures 2(c)
and (d). Similar to CRIB, the AFC requires two energy levels
for the storage and retrieval process and an auxiliary level for
the absorption line structuring. Unlike CRIB however, AFC
does not reverse the inhomogeneous broadening at the excited
level, and the rephasing and re-emission of photons occurs
after 1/δ. In other words, the storage time is pre-determined
by the structure of the absorption comb lines. AFC is parti-
cularly suitable for a multimode storage situation because its
multimode capacity is given by the number of the AFC comb
lines and is independent of the medium optical density. In
CRIB, the multimode capacity scales linearly with optical
depth, whereas in EIT and Raman, it scales with the square
root of the optical depth [54]. Currently, most CRIB and AFC
quantum memory schemes use RE doped crystals, so the
operating wavelengths correspond to the RE elements, such
as 580 nm (europium), 606 nm (praseodymium), 793 nm
(thulium), 880 nm (neodymium) and 1532 nm (erbium). Tel-
ecom-wavelength quantum memories have been demon-
strated by this approach with erbium doped crystals [55] and
erbium doped fiber [56]. Most CRIB and AFC quantum
memories are implemented based on RE-ion doped solid state
materials at cryogenic temperatures (<4 K). Some GEM
approaches have also been demonstrated with a warm Rb
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atomic vapor [57–60]. The CRIB approach based on solid
state has been reviewed in [61] in detail.

A hybrid scheme is a modified engineered absorption
scheme which adopts a Λ type three-energy-level structure
similar to the optically controlled scheme. The hybrid scheme
holds all the advantages of the engineered absorption scheme,
such as high mode capacity, low noise, realizable longer
storage time and on-demand readout (although it has a delay
after the second control pulse). Currently, the hybrid scheme
has two successful approaches, Raman-GEM [59, 62] and Λ-
AFC [63, 64]. Raman-GEM combines the Raman and GEM
approaches and its energy structure and the storage and
retrieval process are shown in figures 3(a) and (b). In Raman-
GEM, there is no initial preparation of an absorption line and
it uses the ground-state spin transition. A magnetic field
gradient longitudinally broadens the transition lines and a
control beam maps the signal state onto the broadened line
coherently. Reversing the polarity of the external magnetic
field and applying another control pulse results in a re-phasing
and re-emission of the signal photons. This approach has
demonstrated a very high storage efficiency of 87% [59, 62].
The other hybrid scheme, Λ-AFC, uses three energy levels
and an auxiliary level and its storage and retrieval process as
shown in figures 3(c) and (d). Similar to the two-level AFC,
the broadened transition is required to initiate an AFC by
using an optical pump first. Λ-AFC then uses a strong control
beam to map the coherence onto the spin wave of the atoms.

When the signal needs to be read out, another control beam is
applied and the process for the rephasing and re-emission of
photons is resumed. The total storage time for all photons in
Λ-AFC is the spin wave storage time (Ts) plus the fixed
rephasing time(1/δ), which can be much longer than that of
the two-level AFC. The spatial mode capacity for Λ-AFC is
as high as for AFC. Another advantage for Λ-AFC is that the
order of output photons is the same as the order of input
photons since the storage time is the same for all photons.

Table 1 provides an overview of the current main
quantum memory approaches. Although all of these approa-
ches have been studied and demonstrated, EIT remains the
most popular scheme for quantum memory and many groups
have demonstrated quantum memory based on this approach
[21, 25, 32, 33, 35, 37, 65–75]. In comparison to the other
approaches, the EIT approach has a long storage time and is a
relatively easy to implement and inexpensive solution. For
example, EIT does not require the very high power control
beam needed for Raman quantum memory, nor the liquid
helium temperature required for CRIB or AFC. In addition,
unlike approaches based on photon-echo, which have a time
delay for the readout pulses to be generated due to the spin
restoration in an inhomogeneously broadened medium, EIT
can be read out at any time while the spin coherence survives.
Although the operating wavelengths, bandwidth and mode
capacity imposes some limits, corresponding technologies

Figure 2. Engineered absorption scheme (a) energy level structure of CRIB (b) storage and retrieval process of CRIB, (c) energy level
structure of AFC, (d) storage and retrieval process of AFC. Tr: the time between signal input and the external field reverse.
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have been developed to make EIT quantum memory work-
able in quantum information systems.

3. Theoretical background of EIT optical quantum
memory

EIT was first introduced by Harris and his co-workers at
Stanford University in 1990 [79]. That work indicated that the
optical response of an atomic medium is modified when laser
beams lead to quantum interference between the excitation
pathways which can eliminate absorption and refraction
(linear susceptibility) at the resonant frequency of the atomic
transition. Slow light, light storage and quantum memory
have been implemented based on EIT. In this section, we will
briefly review these theories using the formalisms and sign-
systems used in [17] and [18].

EIT is the destructive interference of two light fields in a
three-level atomic energy structure. There are three possible
configurations for a three-level structure known as lambda
(Λ), vee (V) and ladder, respectively, as shown in figure 4.
We will focus on the lambda configuration, as it is the one
most commonly used for implementing quantum memory.

In the lambda configuration, the transition between the
two lower energy states, |g〉 and |s〉, is dipole-forbidden and
atoms can stay in either of the two states for a long time. Both

of the energy states have allowed transitions to an excited
state, |e〉. In order to modify the propagation through this
atomic medium for an optical beam that couples the energy
states |g〉 and |e〉, a strong optical beam can be applied that
couples between the states |s〉 and |e〉. The two fields are
resonant with the allowed transitions of the atoms, and the
beams can be absorbed by the atoms if they enter the atomic
medium alone. However, when the two beams are applied to
the atomic medium simultaneously, they interfere destruc-
tively, and therefore none of the atoms are excited to the state
|e〉. As a consequence, the beams will not be absorbed.

The weak beam between |g〉 and |e〉 is called the ‘signal’
beam (it is also called the ‘probe’ beam) and the strong beam
between |s〉 and |e〉 is called the ‘control’ beam (it is also
called the ‘coupling’ beam). When the control beam is strong
and its intensity is constant in time, the response of the atomic
ensemble can be described in terms of the linear susceptibility
spectrum c w( )( ) ,1 according to equation (1):

c w
g w

g w g w
=

+

+ + + W
( )

( )( ) ∣ ∣
( )( ) g N

i

i i
, 11 2 gs

ge gs
2

where ggs and gge are the decoherence rates of the |g〉→|s〉
and |g〉→|e〉 transitions respectively, ω is the Rabi fre-
quency for the control field, N is the total number of atoms in
the sample, g is the atom-field coupling constant, and ω is the
frequency detuning of the resonance of the two optical fields

Figure 3. Hybrid scheme (a) energy level structure of Raman-GEM, (b) storage and retrieval process of Raman-GEM. (c) Energy level
structure of Λ-AFC, (d) storage and retrieval process of Λ-AFC. Ts: spin wave storage time. Tc: the time between signal pulse and control
pulse.
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Table 1. Overview of main approaches to quantum memories.

Category Approach Readout Main storage mediaa Bandwidthb (MHz) Efficiencyc (%)
Storage
timed (ms) Noise

Multimode
capacity

Optically controlled EIT On demand Cold or warm gas, solid
state

0.1–102 78 [72] 103 [37] Moderate Low

Raman On-demand Cold or warm gas, solid
state

102–106 30 [44] 1.5×10-3 [40] High Low

Engineered
absorption

CRIB/GEM Pre-determined RE-doped solid state,
warm gas

10–103 80 [76] 0.2 [76] Low Moderate

AFC Pre-determined RE-doped solid state 10–103 56 [77] 5×10-3 [78] Low High
Hybrid Raman-GEM On-demand with

delay
warm gas 10–103 87 [59, 62] 1[62] Low Moderate

Λ-AFC On-demand with
delay

RE-doped solid state 10–103 12 [63] 1[64] Low High

a
An approach could be implemented in a variety of storage media. The table only lists the most popular media that is used for the corresponding approach.

b The bandwidth is not only dependent on the approach, but also on the storage media and other factors. The table lists a range of bandwidth of quantum memories based on the corresponding approach.
c The efficiency refers to the highest that has been demonstrated so far.
d The storage time refers to the longest that has been demonstrated so far.
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(the signal and control fields). When ω=0, the two optical
fields are resonant.

In an ideal EIT medium, the relaxation rate between the
two lower energy states, |g〉 and |s〉, is very small, i.e.
γgs→0. Based on equation (1), the linear susceptibility
spectrum of the EIT medium for a signal beam is shown in
figure 5. The linear response of an atom to the light can be
described by the linear susceptibility, c( ) .1 The imaginary part
of c( )1 determines the dissipation of the field by the atomic
gas, i.e. absorption, while the real part of c( )1 determines the
refractive index, n, of the EIT medium according to
equation (2):

c= + ( ) ( )( )n 1
1

2
Re . 21

From figure 5(a), when ω=0, the imaginary part of c( )1

goes to zero, which indicates no absorption at the atomic
resonance. In other words, the medium is transparent due to
the quantum interference. The transparency window is usually
very narrow and determines the quantum memory operating
bandwidth, as will be discussed later in this review. From
figure 5(b), the real part of the susceptibility is zero at ω=0,
and, according to equation (2), the refractive index equals 1.
This implies that the phase velocity of the light is equal to that
in a vacuum. However, in the narrow transparency window,

the refractive index has a very steep variation with frequency,
and this results in the group velocity being smaller than the
speed of light in a vacuum in a phenomenon known as ‘slow
light’. From figures 5(a) and (b), the group velocity of signal
light can be significantly reduced and, in the meantime, its
irreversible absorption can become very small at the two-
field-resonance condition. These characteristics are desirable
for quantum memory.

The phase velocity is the speed at which the zero-
crossings of the carrier wave move; while the group velocity
is the speed at which the peak of a wave packet moves. The
two velocities are determined by equation (3):

w
= =

+
w

¶
¶

( )v
c

n
v

c

n
, , 3

np g

where vp and vg are the phase velocity and group velocity
respectively, c is the speed of light in vacuum, n is the
refractive index and ω is the frequency of light. If the
refractive index does not change with frequency, the two
velocities are the same. When the refractive index changes
with respect to the frequency, then the group velocity will be
smaller than phase velocity. In the case of very steep change,
the group velocity will be greatly reduced.

Figure 4. Three possible configuration of EIT, (a) lambda, (b) vee and (c) ladder.

Figure 5. Susceptibility as a function of the frequency detuning in an EIT medium: (a) imaginary part of c( )1 characterizing absorption, (b)
real part of c( )1 determining the refractive properties of the medium.
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According to equations (1)–(3), the group velocity of the
signal beam is given by:

=
+ W∣ ∣

( )
/

v
c

g N1
, 4g 2 2

where N is the total number of atoms, as determined by the
atomic density, in the sample, ω is the Rabi frequency of the
control field and W∣ ∣2 is linearly proportional to control beam
intensity. Therefore, the group velocity of the signal beam in
the EIT medium is dependent on the atomic density and
control beam intensity-increasing the atomic density or
decreasing control beam intensity will reduce the group
velocity of the signal beam.

EIT can significantly reduce the group velocity of a
signal beam, and some experiments have demonstrated a
signal beam velocity as slow as c/106 to c/107. EIT slow
light can result in a great compression of the spatial profile of
an optical pulse and can compress an optical pulse to a small
spatial distance. In order to preserve the whole pulse, the
velocity should be slow enough to compress the entire pulse
into the medium. Therefore, the optical depth of the EIT
medium should be significantly greater than one:

a =
g

 ( )L L 1, 5g N

c

2 2

ge

where aL is the optical depth of the transition between |
g〉→|e〉 of the atomic medium. The spectral bandwidth of
the transparency window of the EIT can be obtained by:

wD =
g a

W ( )∣ ∣ . 6
LEIT

2 2

gs

The bandwidth of EIT transparency window is relevant
to the decoherence rate, and in EIT quantum memory, the
retrieval efficiency decay rate increases as the EIT bandwidth
gets broader [80]. According to equation (6), a narrower
bandwidth requires either reducing the control beam intensity
or increasing the optical depth of the medium.

However, low control intensity or high optical depth
would cause absorption during the propagation through the
EIT medium. In the case of steady-state optical fields and
assuming no absorption of the strong control beam, the signal
beam intensity is given by:

e e a
g g

= -
W

⎛
⎝⎜

⎞
⎠⎟∣ ( )∣ ∣ ( )∣

∣ ∣
( )z L0 exp

2
. 72 2 gs ge

2

From equation (7), when the decoherence rate of the
transition |g〉→|s〉 g( )gs is not zero, dissipation (irreversible
absorption) of the signal beam becomes larger as the optical
depth a( )L becomes larger or as the control beam intensity
W(∣ ∣ )2 becomes smaller. Therefore, in practice, a compromise

of the two parameters is needed to achieve a narrow band-
width with a modest absorption.

Although slow light with a static control beam can reduce
the light velocity, it is not possible to completely stop a light
pulse in a stationary EIT ensemble. To achieve the goal of
storing and retrieving the light, the control beam must be
changed. The intensity of the control beam influences the
spectral bandwidth of the transparency window. Adiabatically
changing the intensity of the control beam can impact the

dynamics of the signal pulse with minimal loss. In particular,
reducing the control beam intensity to zero can reduce the
signal beam pulse velocity to zero, thereby storing the
information carried by the signal pulse.

In [18], Lukin uses ‘dark-state polaritons’ to describe the
propagation of the signal pulse through an EIT medium. A
quantum field, Y( )z, t , is a superposition of a photonic
component ( ( ))z, t and an ensemble spin coherence comp-
onent ( ( ))S z, t according to:

q qY = -( ) ( ) ( ) ( ) ( ) ( )z, t cos z, t sin S z, t , 8

where the mixing angle θ is given by:

q q= =W

W + W +
( ) ( ) ( )cos , sin . 9

g N

g N

g N2 2 2 2

After the signal beam pulse enters into the EIT medium
and the control beam is reduced to zero W =( )0 , the dark-
state polariton is comprised completely of an ensemble spin
coherence. Consequently, the pulse is effectively stored in the
EIT medium for a time up to the ensemble spin coherence
lifetime g=( )/T 1 .2 gs The pulse can be retrieved by switching
the control beam back on, and the quantum states of the
retrieved signal pulses are in principle identical to those of the
input pulses.

4. Key technologies of EIT quantum memory

Although the theory of EIT quantum memory is similar to
that of EIT light storage, quantum memory is significantly
more technically challenging. Quantum memory must store
and retrieve the fragile quantum states of single photons with
high fidelity and therefore must achieve both high efficiency
and low noise. In addition, the bandwidth of the photon
source and the quantum memory must be compatible. We will
discuss these technologies in this section.

4.1. Storage efficiency

Storage efficiency is defined as the probability of retrieving a
single photon following storage in a quantum memory and is
an important criterion for quantum information systems, such
quantum repeaters.

Two issues are particularly significant for storage effi-
ciency. Firstly, in order to avoid losses due to the cutoff of a
pulse edge, it is desirable to have the entirety of the optical
pulse within the EIT medium as described in the previous
section. Therefore, the group velocity, v ,g should satisfy the
condition Tv L,g where T is the input signal pulse duration
and L is the length of the EIT medium. Secondly, it is
desirable to have the entire spectral width of input pulse
matched to and within the EIT atomic bandwidth, i.e.

w aD » L v L.
T

1
EIT g To satisfy these two conditions

simultaneously requires a very high optical depth a L 1.
However, as mentioned previously, the high optical depth
causes large absorption in the EIT medium. Consequently, for
practical EIT quantum memory, the optical depth is typically
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moderately high a >( )L 1 , and a compromise is made
regarding the spatial, spectral and absorption factors.

A theoretical analysis by Gorshkov et al indicates that the
optimal quantum storage efficiency fundamentally depends
only on the optical depth aL [81], such that for any optical
depth, there is a unique input pulse shape that provides the
maximum storage efficiency. The analysis shows that under
optimized conditions, the writing stage to the atomic storage
is the time reverse of the retrieval stage from the atomic
storage. Therefore, time-reversal symmetry can be used for
the storage efficiency optimization, which uses successive
time-reversal iterations to find the optimal signal pulse shape
for a given control fields’ temporal profile [81]. Novikova
et al experimentally demonstrated a procedure for optimizing
the storage efficiency in [82, 83]. The initial input signal pulse
has a temporal Gaussian profile. Because the pulse shape is
not optimal, the initial storage efficiency is approximately
only 16%. The output signal is reversed and normalized and
becomes the next iteration input pulse. After three iterations, a
storage efficiency of 47% is achieved.

In 2012, Zhou et al experimentally demonstrated an EIT
quantum memory scheme to optically store and retrieve her-
alded single-photon wave packets [32]. As shown in figure 6,
narrow band single Stokes and anti-Stokes photon pairs are
generated by SFWM in an 85Rb cold atomic ensemble. The
Stokes photons are detected as a heralded signal to trigger the
waveform generator, and the anti-Stokes photons are shaped
into an optimal waveform by the waveform generator and an
electro-optical modulator. The heralded photons with the
controlled waveform are stored in an EIT quantum memory
constructed of another 85Rb cold atomic ensemble. The
experiment demonstrated a storage efficiency of 49% with a
temporal likeness of 96%.

4.2. Storage time and noise

Storage time and noise are also key criteria for quantum
memory. Storage time is important for long-distance quantum
communication and other applications as previously descri-
bed. Noise will reduce the fidelity of any quantum measure-
ment and quantum information system.

Storage time is mainly limited by the decoherence of the
atom, which causes a loss of the stored spin wave state in the

atomic ensemble [80]. Decoherence is mainly caused by the
motion of the atoms (atoms may move out of the interaction
region) and by perturbation of the atomic spin wave due to
external effects such as magnetic field fluctuation and atomic
collisions. Decoherence is worse in a warm atomic vapor than
in trapped cold atoms due to the higher rate of collisions,
resulting in shorter storage times and higher noise [80]. An
anti-relaxation coating on the inner walls of an atomic vapor
cell can reduce the decoherence caused by atom-wall colli-
sions. Paraffin, which is formed from long-chain alkane
molecules and can support approximately 104 atom-wall
collisions before depolarizing the alkali-atom spins, is the
most common coating material used. Recently, a new alkane-
based coating is reported to support up to 106 polarization
preserving bounces, and the coherence time can extend to as
long as a minute [84, 85]. A noble gas can be added to the
vapor cell as a buffer to reduce the atom movement, reducing
collisions and increasing the storage time and read-out effi-
ciency [86, 87]. However, although the collisions between
atoms do not influence the stored ground-state hyperfine
coherence, they may severely deteriorate the fidelity of the
quantum memory when they happen during the write and read
processes [88]. Therefore, a coated cell without buffer gas is
currently considered to be the best way to implement EIT
quantum memory based on warm atoms. Cold atoms have
wall-free confinement and collisions happen many orders of
magnitude fewer times than that in a warm atomic vapor cell.

In EIT quantum memory, a strong residual control beam
comes out from the memory along with the readout single-
photon-level signal. The strong residual control beam (in the
order of mW) becomes the main source of noise in the system
and must be removed (or greatly reduced by≈120 dB) to
satisfy the noise requirements of a single-photon level
quantum system. Spatial, polarization and spectral filters can
be used. Spatial filtering is achieved with an off-axis geo-
metry in an atomic ensemble, and is widely used in EIT-
quantum memory based on cold atoms. Using signal and
control beam paths of just a few degree difference, the noise
can be suppressed by 40 dB. The effective spatial filtering is
limited by scattering from the surfaces around the atomic
ensemble. Such spatial filters are not suitable for EIT quantum
memory based on a warm atomic ensemble since it requires
nearly collinear propagation of the signal and control beams

Figure 6. Optimal storage and retrieval of single-photon waveforms. MOT: magneto-optical trapping; EOM: electro optical modulator.
Reprinted figure with permission from [32], copyright 2016 by The Optical Society.
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to avoid large Doppler broadening [17]. Polarization filtering
is commonly used for both cold and warm atomic ensemble-
based EIT quantum memory systems, in which the signal and
control beam are in perpendicular polarization states. A
polarizer is then used to remove the control beam after
interaction with atomic ensembles. Birefringence of the
optical elements used and imperfect extinction of the polar-
izers limit noise suppression of polarization filtering to
approximately 60 dB extinction (using a Glan polarizer) of
the control beam. Spectral filtering is also used to further
remove residual control beam. However, traditional dis-
persive elements and interference filters are not suitable due to
the small frequency difference of just a few GHz between the
control and signal beams. Currently, atomic filters or Fabry–
Perot (FP) etalons are used for spectral filtering in EIT
quantum memory applications. Atomic filters are an efficient
way to implement narrowband filtering near atomic transi-
tions. There are two types of atomic filters used for EIT
quantum memory including absorption atomic filters and
Faraday atomic filters. An absorption atomic filter works like
a narrowband notch filter that absorbs the light around the
resonant wavelength of an allowed atomic transition while
transmitting other wavelengths. As an example, the two iso-
topes of the Rb atom, 85Rb and 87Rb, have nearly degenerate
transition lines, providing a convenient way to filter out the
control beam. The nearly degenerate transition wavelength
can be used for the control beam, and it is absorbed in the
filtering isotope. Meanwhile, the filtering isotope does not
have a transition at the signal wavelength, allowing the signal
field to be transmitted [89, 90]. Many EIT quantum memory
experiments have used 87Rb as a memory medium and 85Rb
as an atomic filter [26, 86, 91]. Due to lack of suitable iso-
topes, Cs-based EIT quantum memory requires optically
pumped atomic filters, in which the optical pump causes an
allowed transition wavelength to become transparent in the
filter [92]. A Faraday atomic filter works likes a narrow
bandpass filter and can help to remove the control beam and

other noise by rotating only the atomic transition wavelength
polarizations by 90° as they pass passing through a vapor cell.
A polarizer after the cell transmits the light at the atomic
resonant wavelengths and blocks other wavelengths whose
polarization has not been rotated. Similar to absorption atomic
filters, Faraday atomic filters for Cs need an optical pump
[93]. Figure 7(a) shows how a 85Rb absorption atomic filter
and a Faraday atomic filter are used for 87Rb-based quantum
memory [94]. Another type of spectral filter for EIT quantum
memory applications is a FP etalon, typically providing only
approximately 20 dB of control beam suppression. To further
reduce noise, Hockel et al developed a multi-pass FP etalon
(figure 7(b)) and achieved 46 dB of control beam suppression
with 65% signal beam transmission. As shown in figure 7(b),
two retroreflectors placed above and below the etalon direct
the beams back through the etalon three times at different
positions. Using a Glan polarizer and a multi-pass FP etalon,
Hockel et al successfully demonstrated EIT quantum memory
based on warm Cs atoms at the single photon level.

4.3. Photon source

The first experimental demonstration of single-photon-level
EIT quantum memory used single photons that were gener-
ated from an atomic ensemble [86] because the wavelength
and bandwidth of the source and memory are matched. The
photon pair source, based on SFWM in a laser-cooled atomic
system, can produce photons pairs with a linewidth of a few
MHz and is suitable for EIT quantum memory based on cold
atoms. This technology has been reviewed in [95]. However,
the most common entangled photon sources for quantum
information systems are based on SPDC with typically very
broad linewidths (≈ THz). Such linewidths are orders of
magnitude too broad for atomic ensemble based EIT, which
require linewidths of tens of MHz for cold atoms and hun-
dreds of KHz for warm atoms, respectively. Early experi-
ments of EIT quantum memory using single photons from an
SPDC source used a series of extremely narrow filters

Figure 7. Spectral filters used for EIT quantum memory. (a) Absorption atomic filters and Faraday atomic filter. (Woll: Wollaston polarizers,
PBS: polarizing beam splitter, HWP: half-wave plate, I-sCMOS: intensified sCMOS camera). Reproduced with permission from [94],
copyright 2015 Taylor & Francis; (b) Fabry–Perot etalon. Reprinted figure with permission from [23], copyright 2016 by the American
Physical Society.
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[30, 31] or cavity narrowing and enhancement [26, 96–100]
to achieve the linewidths required.

In addition to the narrow linewidth requirement, the
operating wavelength of the SPDC photon source must match
the atomic transition of the EIT ensemble, such as the D1 or
D2 lines of the Rb or Cs atoms. Furthermore, dual-wave-
length photon sources are favorable for long distance quant-
um systems with one wavelength suitable for the quantum
memory and the other for low-loss transmission in optical
fibers. Recently, our group developed a highly non-degen-
erate single photon-pair source, based on cavity enhanced
SPDC, that is specifically tailored to interface with the D1
transition (894.6 nm) of the Cs atom for quantum memory
and the low transmission loss near-infrared (1310 nm) tele-
communication band for long-distance transmission [101].

The experimental setup, shown in figure 8, consists of
three sections including the Cs atomic reference for locking of
the cavity emission to the targeted atomic transition, the
cavity-narrowed SPDC, and the filtering and detection of the
SPDC generated photons from a small number of resonant
modes. Initially, a laser is locked to the D1 line of the Cs atom
and is used as a reference to which the cavity is locked and
stabilized. The reference laser and SPDC pump are combined
and directed through the cavity containing the SPDC crystal.
The crystal is designed for SPDC of a 532 nm pump to a
signal near 894.6 nm for Cs D1 transition line interaction and
an idler beam centered at 1312.5 nm for long-distance trans-
mission. The cavity is singly-resonant for the signal with both
the pump and idler fields passing straight through. The cavity
round-trip time is approximately 0.22 ns, giving a free

spectral range of approximately 4.5 GHz. The measured
cavity finesse is approximately 93, corresponding to a line-
width is approximately 48MHz. This linewidth is confirmed
by a second-order correlation measurement of signal and idler
photons from the cavity, and is suitable for use in EIT
quantum memory based on cold atoms. Following the cavity,
the signal photons are reflected from a volume Bragg grating
(VBG) (linewidth of≈0.1 nm), which serves as a narrow-
band filter to reduce the number of modes. The idler photons
are suitable for long distance fiber transmission.

4.4. Quantum interfaces for optical frequency conversion

Currently, EIT quantum memory schemes are mainly based
on Cs or Rb, and the wavelengths are close to the resonant
frequency of the D1 or D2 lines, e.g. 852 nm or 895 nm for Cs
and 780 nm or 795 nm for Rb. For fiber-based quantum
information systems, the telecommunication wavelength
bands (1310 and 1550 nm) have the lowest transmission loss.
Quantum interfaces convert the photon field between these
wavelengths without changing their quantum state.

Quantum frequency conversion at the single-photon level
has been studied since 1990 [102], when Kumar predicted
that the quantum state of single photons can be preserved
during the frequency conversion process. In 1992, Huang
et al experimentally showed that the non-classical intensity
correlation between twin beams was preserved after one beam
was up-converted to another wavelength [103]. In 2001, Kim
et al used up-conversion to implement a complete Bell state
measurement (BSM) in a quantum teleportation scheme

Figure 8. Narrow linewidth non-generate SPDC photon source. LD: laser diode; YDFA: ytterbium doped fiber amplifier. PDH: Pound–
Drever–Hall module; PID: proportional-integral-differential module; AMP: electrical amplifier; beam-expander (Adj. Col.): adjustable
collimation beam-expander; SHG: second-harmonic-generation; PC: polarization controller; DBS: dichroic beam splitter/combiner; M1:
input mirror; M2 output mirror; SPDC: spontaneous-parametric-down-conversion; VBG: volume Bragg grating; SFG: sum-frequency-
generation; Si-APD: silicon avalanche photodiode; TCSPC: time correlated single photon counter. Reproduced with permission from [101].
Copyright 2015 Springer.
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[104]. Since then, several groups have successfully developed
highly efficient frequency conversion schemes at single-
photon levels by using periodically-poled bulk or waveguide
non-linear optical devices [105–114]. A review paper has
summarized these efforts [115].

Quantum interfaces include quantum frequency up-con-
version and down-conversion. Frequency up-conversion
typically refers to converting the frequency of input photons
into a higher frequency (shorter wavelength) such as, for
example, converting a telecom wavelength to an atomic
transition wavelength. Conversely, frequency down-conver-
sion refers to converting the frequency of input photons into a
lower frequency (longer wavelength). Currently, most
quantum interfaces use sum frequency generation (SFG) for
up-conversion and difference frequency generation (DFG) for
down-conversion through a process known as quasi-phase
matching (QPM) in periodically-poled bulk or waveguide
non-linear devices. QPM can enhance the non-linear con-
version process and maintain positive energy flow from the
input frequencies to the generated output frequencies, and
QPM also enables the use of a higher non-linear coefficient
than is possible with birefringent phase matching. The longer
interaction distance leads to significantly higher conversion
efficiencies. Internal single-photon conversion efficiencies of
almost 100% have been demonstrated in QPM-periodically-
poled lithium niobate (PPLN) waveguides.

As with all quantum systems, noise is a concern in
quantum interfaces. The main sources of noise in the fre-
quency conversion process are spontaneous Raman scattering
(SRS) [107, 111, 116] and unwanted SPDC of the pump
[117, 118]. Using a pump that has a longer wavelength than
the signal to be converted can reduce the noise associated
with SRS and SPDC. Additionally, a large spectral separation
between the pump and the signal can reduce noise associated
with the conversion of classical light in the pump tail. In
addition, the noise spectrum is much broader than the input
and converted output linewidths, so narrow spectral filtering
can help further reduce the noise level. In [114], three dif-
ferent spectral filters were compared in the single photon up-
conversion system, and it was shown that a VBG can achieve
a low noise level, while maintaining a high single-photon
total conversion efficiency.

In 2010, Rakher et al demonstrated an up-conversion
quantum interface [119] as shown in figure 9. Input single
photons near the telecom wavelength of 1310 nm were gen-
erated by the recombination of excitons in a single epitaxi-
ally-grown indium arsenide (InAs) quantum dot. With a
1550 nm pump light, the photons are up-converted by SFG in
a PPLN waveguide to near 775 nm, close to the Rb D2 line
with an internal conversion efficiency of≈75%. Following
conversion, the second-order intensity correlations are mea-
sured using a Hanbury-Brown and Twiss interferometer, and
the results demonstrated that the up-converted photon main-
tains the quantum characteristics of the original photon with a
measured = <( )( )g 0 0.165 0.5.2 Following that work,
another experiment demonstrated that higher order temporal
correlations (up to 4th order) of photons are preserved after
frequency up-conversion in the same setup [120]. In 2014,

Albrecht et al demonstrated a down-conversion quantum
interface for Rb-based quantum memory to a telecom wave-
length near 1552 nm [121]. As shown in figure 10, heralded
single photons at 780 nm from a cold Rb atomic-ensemble-
based quantum memory are converted to 1552 nm by DFG in
a PPLN waveguide with a strong 1569 nm pump beam. The
results show a significant amount of non-classical correlations
are preserved between the heralding and converted photons.

In addition to SFG or DFG, four-wave-mixing (FWM) is
also used in quantum interface applications. Radnaev et al
used a FWM-based quantum interface to demonstrate
quantum memory with a telecom photon in a cold, optically
thick atomic ensemble of 87Rb in an extended dark MOT
[29]. With two pumps at different wavelengths, single pho-
tons at 795 nm from the Rb-based-quantum memory are
down-converted to a telecom wavelength. The telecom
wavelength photons are then up-converted in the same
interface back to the near visible range for detection. The
results demonstrate that the non-classical light behavior is
preserved during the two frequency-conversion steps.

5. Research progress of EIT quantum memory

In this section, we review important progress milestones in
the development of EIT quantum memory, from the first
experimental demonstration of EIT and EIT quantum memory
to its application in quantum information systems.

5.1. EIT, slow light and EIT optical memory of classical light

Soon after EIT was first proposed and termed by Harris et al
[79], the first experimental demonstration was implemented
by the same group in 1991 [122]. This experiment used
neutral strontium (Sr) atoms with a lambda configuration. The
signal and control beams are 337.1 nm and 570.3 nm
respectively, corresponding to the 5s5p 1P1→4d5d 1D2 and
4d5p 1D2→4d5d 1D2 lines of the of Sr atom. The exper-
imental results demonstrate that the optically thick medium
can be rendered transparent for a quantum level signal beam
through quantum interference of the signal and control beam.
Since this early demonstration, many groups have imple-
mented EIT in different media, such as Rb atomic
vapor [123].

The first demonstration of slow light based on EIT (also
by Harris’ group in 1995 [124]) uses a pure lead (Pb) vapor in
a 10 cm long cell with a density of 2×1014 atom cm−3. A
pulse group velocity as low as c/165 (where c is the speed of
light in a vacuum) was observed. Further experiments have
demonstrated group velocities of c/3000 in a Cs atomic vapor
cell [125], c/106 in a Rb atomic vapor [126] and c/(3×106)
in a Rb atomic vapor [127]. By 1999, Hau et al achieved a
group velocity of just c/(2×107) or 15 m s−1 [128]. This
experiment was performed with a gas of sodium (Na) atoms
cooled to far below the temperature required for BEC. The
medium consisted of a cloud of atomic Na containing several
million atoms with a peak density of 5×1012 cm−3. The near
motionless atoms allow the control and signal beams to be
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Figure 9. Up-conversion quantum interface based on a PPLN waveguide for use with single photons from quantum dot. (PL,
photoluminescence; Si SPAD, silicon single photon avalanche photodiode; FTW, fiber taper waveguide; SMF, single-mode fiber; VOA,
variable optical attenuator; FPC, fiber polarization controller; WDM, wavelength division multiplexer; EDFA, erbium-doped fiber amplifier;
TBF, tunable bandpass filter; EF, edge-pass filter; BF, bandpass filter; BS, non-polarizing beamsplitter; PPLN WG, periodically poled
LiNbO3 waveguide). Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [119], copyright (2010).

Figure 10.Down-conversion quantum interface based on a PPLN waveguide for use with quantum memory. BF: bandpass filter; SPD: single
photon detector; MOT: magneto-optical trap. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications [121],
copyright (2016).
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propagated at right angles to each other. The high density
atomic vapor with near zero atomic motion provides an ideal
condition for EIT. Meanwhile, other EIT slow light experi-
ments demonstrated pulse group velocities of c/(4×107)
(8 m s−1 in a Rb vapor [129] and c/(6×106) (45 m s−1 in
solid state (Pr doped Y2SiO5) [130].

Light storage based on EIT was first proposed in 2000 by
Fleischhauer and Lukin [16]. The theoretical work predicts
that EIT with a dynamic control beam allows the information
in an input pulse of signal light to be linearly, coherently, and
reversibly mapped with high efficiency into a collective
atomic state and that it can be retrieved at a later time. The
EIT optical storage and retrieval of classical light were
experimentally demonstrated in Rb atomic vapor [131] and in
Na atomic vapor [65] in 2001. In 2002, Lukin’s group
demonstrated that the retrieved photons are phase coherent
and that the storage process is a linear optical process [66].
These results were significant since they indicate that EIT
memory is suitable for quantum processes, even though these
experiments were demonstrated with classical and multi-
photon pulses.

5.2. EIT quantum memory for non-classical light

The first effort to apply EIT quantum memory to store non-
classical light used single photons generated from an atomic
ensemble, taking advantage of the matching narrow band-
width and wavelength of the atomic transitions. In 2005, two
groups demonstrated EIT memory with a single-photon signal
in a warm Rb atomic ensemble [86] and in a trapped cold Rb
atomic ensemble [24]. In the experiment referenced in [86],
Eisaman et al used two 87Rb atomic ensembles as a source
and memory respectively, as shown in figure 11. The source
atomic ensemble first created a single spin excitation via
Raman scattering combined with a ‘write’ pulse and a single-
photon detection. Later the atomic excitation is converted to a
single photon by a ‘retrieve’ pulse. The single photons are
guided into the second atomic ensemble for EIT quantum
memory. Following separation of the retrieved photon and
control beam by a polarization beam-splitter (PBS) and an
atomic filter based on a 85Rb vapor cell, the second-order
intensity correlation of the retrieved photons were measured
using a Hanbury-Brown and Twiss interferometer. The results
show that the non-classical features of these photons are
preserved after considerable storage time in the EIT quantum
memory.

In quantum information systems, most entangled photon
sources are based on SPDC. As discussed earlier, SPDC
photon sources have intrinsic linewidths that are too broad for
EIT quantum memory applications. Early efforts to use SPDC
sources for EIT quantum memory include Kuzuma’s group
[30, 31], which used direct filtering to achieve suitable line-
widths. In their previous work [30], they reduced the line-
width of SPDC generated photons from approximately
10 THz into 23 GHz using a holographic grating (HG) and a
polarization maintaining single-mode fiber (PMF). Since the
linewidth was still larger than the EIT bandwidth, only a part
of the SPDC spectrum was shown to be stored and retrieved.

Later, they further reduced of the SPDC linewidth by way of
additional filtering as described in [31]. As shown in
figure 12, the photons generated by SPDC are filtered to
achieve a linewidth of 9 MHz using a filtering cavity, an
etalon and a combination of a HG and a polarization main-
taining single-mode fiber (SMF). Using EIT quantum mem-
ory based on a laser trapped cold Rb atomic ensemble and
with a bandwidth of approximately 12.6 MHz, a storage
efficiency of approximately 14% was demonstrated. An anti-
correlation measurement verified that the retrieved photons
remained non-classical. However, extremely narrow bandpass
filtering of SPDC discards most of the generated bandwidth
leading to low photon pair rates. A more efficient approach to
implement narrow-linewidth single photons from SPDC uses
cavity enhancement, as discussed earlier, with many groups
demonstrating cavity enhanced SPDC sources for quantum
memory applications [96–100, 132].

5.3. EIT quantum memory for polarization qubits

Polarization encoded qubits are widely used in quantum
information systems. And it is therefore desirable that
quantum memory schemes can store and retrieve photons of
arbitrary polarization states. However, most EIT quantum
memory schemes are designed to store single photons of a
specific polarization to enable polarization filtering of the
control field. To store and retrieve photons with arbitrary
polarization states in EIT quantum memory, two spatially
separated atomic ensembles can be used to store two ortho-
gonal polarization states. The polarization state can be
restored by combining the retrieved fields from the two
quantum memory ensembles. For example, Cho et al imple-
mented EIT quantum memory for storage of a polarization
qubit [21] as shown in figure 13. The polarization modes of
the original photon are spatially separated using a beam dis-
placer, and stored in two spatially separated warm Rb atomic
ensembles in a single vapor cell. After simultaneous retrieval,
the two polarization states are recombined using another
beam displacer. The polarization state of the retrieved field is
analyzed and the results show that a process fidelity of better
than 91% is achieved following a storage time of up to 16 μs.
Several other experiments have demonstrated EIT based
storage of polarization independent qubits with similar
schemes [20, 25, 133–136].

In 2011, Zhang et al demonstrated EIT quantum memory
of polarization entangled photons from a cavity-enhanced
SPDC source [26]. The experimental set-up is shown in
figure 14. A pair of photons is generated by applying a UV
pump to a periodically poled potassium titanyl phosphate
(PPKTP) crystal inside a cavity. One photon is coupled into a
60 m long SMF and guided to a polarization state analyzer.
Another photon is directed through a 20 m long SMF to an
EIT quantum memory scheme, consisting of two cold atomic
ensembles for the vertical and horizontal polarization states
respectively. Following retrieval, a FP cavity and an atomic
filter are used to remove the control beam and other noise.
Results of polarization measurements show an average
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polarization fidelity of 92% following a storage time of up to
200 ns.

5.4. EIT quantum memory for continuous variables

In many current quantum information systems, quantum
information is encoded in the discrete nature of single pho-
tons, such as the polarization, to represent the two-basis state
of the qubit. However, photons have other non-discrete
degrees of freedom that can be used to encode information,
such as its position and its momentum. In a continuous
variable-based quantum information system, all quantum
features of the qubit, such as superposition and entanglement
are carried over to these continuous variables. So far, several
quantum computing protocols and quantum communication
protocols based on the continuous variables have been pro-
posed [137–141]. The most commonly used variables are
field quadratures, which are defined in terms of the electric
field associated with an optical mode:

w w= +( ) ( ) ( )E x t p tcos sin , 10

where w is the optical carrier frequency and t is the time. The
coefficients x and p represent the amplitude of the in-phase

and out-of-phase field quadratures, which are associated with
position and momentum [142], respectively. According to the
Heisenberg uncertainty principle, position and momentum
cannot be precisely measured simultaneously. An increase in
the precision of one of these parameters increases the
uncertainty of the other parameter resulting in what is called a
squeezed state. Squeezed states of light can be obtained
through the optical frequency conversion process, and is
useful for continuous variable-based quantum computing and
communication.

EIT quantum memory has also been used to store and
retrieve continuous-variable quantum optical fields, such as
squeezed light. Kozuma’s group, in particular, studied the
propagation of squeezed light through an optically dense
atomic ensemble under EIT conditions. Their early work
demonstrated ultraslow propagation of squeezed vacuum field
pulses through an EIT medium [143] and that the squeezing
of a vacuum field was maintained during the propagation
[144, 145]. In 2008, both Kozuma’s and Lvovsky’s groups
demonstrated the storage and retrieval of squeezed vacuum
pulses using laser-trapped cold Rb ensembles [146] and warm
Rb ensembles [22], as shown in figures 15(a) and (b),

Figure 11. Experiment of EIT quantum memory with single photon. PBS: polarizing beam splitter; PM SMF: polarization maintaining single
mode fiber. SMF BS: single mode fiber beam splitter. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications
[86], copyright (2016).
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respectively. In similar experimental setups, they used para-
metric down-conversion in PPKTP crystals to generate nar-
row-linewidth squeezed light (or vacuum optical fields) at the
wavelength suitable for storage in an 87Rb ensemble. The
pump light is frequency doubled from a Ti:sapphire laser, and
an optical homodyne detector is used to detect the quadrature
amplitude of the squeezed vacuum retrieved from the EIT
memory. The main difference between their two imple-
mentations is the EIT medium: one used laser-trapped cold
87Rb ensembles and the other used warm 87Rb ensembles in a
vapor cell. The results of both experiments demonstrated that
squeezed vacuum fields can be stored and retrieved by EIT
quantum memory. Both experiments also observed degrada-
tion of the squeezing due to residual absorption by resonant
atoms although improved experiments have since been
implemented [147, 148].

5.5. EIT quantum memory for orbital angular
momentum (OAM)

Since OAM was realized in a laser beam by Allen et al in
1992 [149], it has generated significant interest in many
application areas, including optical communication systems
[150]. Because of the inherent infinite dimensions of OAM
space, information carried by photons encoded in OAM space
can offer high channel capacity for quantum communications
systems [151–153]. EIT quantum memories have been

successfully demonstrated to store and retrieve photons with
OAM. In 2013, Veissier et al reported EIT quantum memory
based on a cold Cs atomic ensemble for weak laser light at the
single-photon power level [154]. Later in 2013, Ding et al
demonstrated EIT quantum memory based on cold Rb atomic
ensembles for true non-classical OAM encoded single pho-
tons. Their experimental set-up and results are shown in
figure 16. A cold 85Rb atomic ensemble in figure 16(a) is used
to generate non-classical correlated photon pairs based on
SFWM using a double-lambda configuration. One photon in
the pair is used as a trigger and the other is engineered to
carry a variety of orbital angular momenta. The photon car-
rying the OAM is stored in EIT quantum memory based on
another cold 85Rb atomic ensemble as shown in figure 16(b).
The experiment demonstrated the non-classical characteristics
of photons, including the featured OAM structure, are pre-
served during the storage time. Traditionally, optical quantum
memory is used to encode quantum information in the form of
polarization, phase and so on. This experiment, together with
others [155, 156], demonstrated that EIT quantum memories
can store and retrieve single photons carrying OAM, which
enabled another type of qubit to be potentially used in future
high capacity quantum communication systems.

5.6. Towards a quantum repeater

Quantum memory is an essential building block in the
development of quantum repeaters. In 2001, Duan, Lukin,
Cirac and Zoller proposed a scheme, known as the DLCZ
protocol [158] to implement a quantum repeater. In the DLCZ
protocol, quantum states can be transferred between atoms
and photons, and then stored in atomic ensembles for long
periods. The DLCZ protocol uses a built-in quantum memory
that is based on off-resonant Raman scattering, and its
retrieval process is the same as that in an EIT quantum
memory [159]. The DLCZ protocol is based on atomic
ensembles with a lambda configuration. The protocol begins
by preparing all atoms in the ground state. As shown in
figure 17(a), a weak write pulse illuminates an atomic
ensemble and induces a Raman transition (|g〉→|e〉) with a
probability of=1. Afterwards, it decays to the |s〉 ground
state and emits a Raman scattered photon, also called a stokes
photon. The stokes photon is collected in a certain mode as
the signal field. Detection of the Stokes photon indicates an
excitation of a single atom in the ensemble and that the
ensemble has been prepared in the state |s〉. Later, a relatively
strong read pulse is used to convert the stored atomic exci-
tation into an idler field, as shown in figure 17(b). Due to
collective enhancement, the second photon (an anti-Stokes
photon) will be emitted in the direction determined by the
phase matching condition. If two atomic ensembles are
simultaneously illuminated by read pulses and the emission
paths are combined at a beamsplitter, then when a single
photon is detected, it is impossible to tell which of the two
ensembles has emitted the photon, and the state of the two
ensembles becomes an entangled superposition (figure 17(c)).
This can be subsequently used as the basis of a quantum
repeater. In 2007, Simon et al proposed a similar approach

Figure 12. Storage and retrieval in EIT quantum memory of
nonclassical photon pairs from SPDC. TiS : Ti:sapphire laser; AOM:
acousto-optic modulator; LN: quasi-phase-matched MgO:LiNbO3

waveguide; PBP: Pellin–Broca prism; DM: dichroic mirror; DP:
dispersing prism; FC: filtering cavity; ET: etalon; HG: holographic
grating; λ/2, λ/4: half and quarter wave plates; PBS: polarizing
beam splitter; PMF: polarization maintaining single-mode fiber;
SPCM: single photon counting module. The arrows indicate the
polarization of light. Reproduced from [31]. © IOP Publishing Ltd.
All rights reserved.
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[160], in which photon-pair sources and quantum memories
are used. Two simultaneously and coherently excited photon-
pair sources at different locations generate a pair of photons at
each location. EIT quantum memories are suitable candidates
to be used as the external memories needed in this approach.
The approach is shown in figure 17(b). One photon in the
pairs is stored in the quantum memory and the other photon is
sent out for photon interference and detection at a central

station. Similar to the DLCZ protocol, a detection of a single
photon heralds the entanglement of two quantum memories.
The entanglement can be extended to longer distances by
successive entanglement swapping to realize a quantum
repeater. In comparison to the DLCZ protocol, this approach
with a photon-pair source and a quantum memory provides
more flexibility for wavelength selection and possesses higher
efficiency due to the high mode quantum memory. Currently,

Figure 13. EIT quantum memory for polarization qubit. WP: wave plate; P: polarizer; BD: beam displacer; HWP: half-wave plate; D: single-
photon detector. Reprinted figure with permission from [21], copyright 2016 by The Optical Society.

Figure 14. Preparation and storage of frequency-uncorrelated entangled photons from cavity-enhanced SPDC. Reprinted by permission from
Macmillan Publishers Ltd: Nature Photonics [26], copyright (2016).
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this protocol is the most promising approach to implement a
quantum repeater based on atomic ensembles. A detailed
review on quantum repeater protocols based on atomic
ensembles is given in [7].

Although the experimental realization of the full DLCZ
protocol has not yet been achieved, many essential steps for a
DLCZ-type quantum repeater have been experimentally
demonstrated, including quantum teleportation with a built-in
quantum memory. Quantum teleportation, initially proposed
in 1993 [161], is a way to transfer the state of a quantum
system from one location to another and has been experi-
mentally demonstrated by many groups [162–170]. It is a key
process for quantum repeaters and quantum computation
applications. Quantum teleportation can be combined with
quantum memories to realize large-scale quantum commu-
nication and quantum computing networks. In 2008, Chen
et al demonstrated quantum teleportation that included
quantum memory. The experimental set-up is shown in
figure 18. At Bob’s side, anti-Stokes photons from two 87Rb
atomic ensembles are collected and combined, and sent to
Alice’s side through an optical fiber. At Alice’s side, a photon
with an unknown quantum state interferes with a photon
arriving from Bob side on a beam-splitter to perform a BSM.
The BSM results are then sent to Bob through a classical
channel. Afterwards, the quantum states stored in the atomic
ensemble at Bob side are converted into a photon state and the
photon is emitted. By applying a corresponding polarization
operation based on the BSM result, the quantum state of the
newly emitted photons at Bob’s side should be identical with
the otherwise unknown quantum state of the photons origin-
ally at Alice’s side. The teleported state in the experiment can
be successfully read out after a storage time of up to 8 μs.
Quantum teleportation with quantum memories represents an
important step towards a quantum repeater.

6. Outlook

Over the last decade, many groups have successfully imple-
mented a variety of EIT quantum memory schemes, and
demonstrated their functionality with both classical and non-
classical photon sources. Some schemes have been applied to
quantum experiments. Although it is not easy to forecast
future development, we believe the following aspects may
represent a trend in EIT quantum memory research.

a. Single atom or ion system. Currently, most EIT
quantum memory systems are based on atomic
ensembles because it is very hard to couple a photon
to a single atom in free space and an atomic ensemble
can greatly increase the probability of interaction
between a photon and an atom. However, quantum
memory based on a single atom (charged or neutral)
could provide a longer coherence time and can be
implemented as quantum network nodes [171]. The
quantum memory schemes based on single atoms
usually need to trap the atom in a high-finesse cavity
[172–174] or use a high numerical aperture confocal
microscope [175–177], both of which are currently
technically challenging. It is necessary to point out that,
in practice, it is quite challenging to reach unity
memory efficiency with large atom numbers, i.e. large
optical depths. Therefore, cavity enhancement is also
used in the development of memory systems based on
atomic ensembles.

b. Multimode capacity. As we described in this review, in
comparison with photon-echo-type approaches, EIT
quantum memory lacks multimode capacity, which is
one of main challenges towards building a workable
quantum repeater with EIT based quantum memory. In
the quantum repeater approach based on photon-pairs
and quantum memory [160], the multimode capacity of
quantum memory can significantly improve the entan-
glement rate. However, the temporal mode number is

Figure 15. EIT quantum memory for squeezed vacuum storage. (a) Experiment based on laser trapped Rb atomic ensembles by Kozuma’s
group. YVO4: frequency-doubled YVO4 laser; TiS: Ti:sapphire laser; BS: beam splitter; PD: photo detector; LO: local oscillator; HD:
homodyne detector; DBM: double balanced mixer; AOM: acoustic-optical modulator; COM: computer for data acquisition and analysis.
Reprinted figure with permission from [146], copyright 2016 by the American Physical Society. (b) Experiment based on warm Rb atomic
ensemble by Lvovsky’s group. SHG, second harmonic generation; PBS, polarizing beam splitter; LO, local oscillator; HD, homodyne
detector; AOM, acousto-optical modulator. Reprinted figure with permission from [22], copyright 2016 by the American Physical Society.
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very limited in the EIT approach. In EIT quantum
memory, all photons must be spatially compressed
inside the memory medium before the control beam is
turned off, so it requires an unfeasibly high optical
depth to implement temporal multimode. However, a
spatially multiplexed scheme could increase the multi-
mode capacity for EIT quantum memories. Such a
scheme was proposed in 2007 [178] and experimentally
demonstrated in 2009 [179].

c. Scalability. Currently, most proof-of-concept experi-
ments are still plagued with high complexity and lack of
scalability. Therefore, we expect one of the research

trends in EIT quantum memory to focus on the
implementation of compact and scalable functioning
devices with atom-on-chip, solid state or fiber devices
being good candidates. The technology of atom-on-chip
began in 2001 [180, 181] and has been used for
implementing BECs [182], optical lattices [183], atomic
clocks [184] and magnetometers [185], all of which
demonstrate the potential to implement chip-scale EIT
quantum memory. Solid state is another promising
solution to realize compact and scalable EIT quantum
memories. EIT slow light and light storage experiments
based on solid state media have been demonstrated

Figure 16. EIT quantum memory for orbital angular momentum qubit. (a) Generation of non-classical photon correlations using SFWM, (b)
EIT memory for photons (c) coincidence counts between the retrieved signal and the trigger as a function of storage time. (d) Cross-
correlation function between the retrieved signal and the trigger photons. Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications [157], copyright (2016).
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since 2001 [130]. Pr3+ doped Y2SiO5 is considered a
very promising candidate, due to its very long hyperfine
population lifetimes, e.g. T1≈100 s [186, 187]. The
EIT-based light storage experiments have demonstrated
a storage time of tens of seconds [69]. More recently, an
experiment demonstrated up to 40 s of light storage
[37]. A DLCZ protocol using Pr3+ doped Y2SiO5 was
also proposed in [188]. Additionally, fiber-based EIT
quantum memory is a suitable choice for fiber-based
quantum information systems, especially for quantum
communications. Recently, an EIT optical memory

scheme based on the interaction of cold cesium atoms
with the evanescent field surrounding an optical nano-
fiber has been proposed and experimentally demon-
strated [75, 189]. In addition, warm atoms in a hollow
fiber [190] is a potential approach for EIT quantum
memories. While EIT quantum memory based on these
technologies face some technical challenges and have
not yet been demonstrated, they have already shown the
potential to dramatically reduce the device size and
increase its scalability, which paves the way for the
development of practical quantum information systems.
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