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We report the experimental demonstration of quantum memory for collective atomic states in a far-

detuned optical dipole trap. Generation of the collective atomic state is heralded by the detection of a

Raman scattered photon and accompanied by storage in the ensemble of atoms. The optical dipole trap

provides confinement for the atoms during the quantum storage while retaining the atomic coherence. We

probe the quantum storage by cross correlation of the photon pair arising from the Raman scattering and

the retrieval of the atomic state stored in the memory. Nonclassical correlations are observed for storage

times up to 60 �s.
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Quantum memory, a storage device for quantum states,
is requisite to a scalable quantum repeater [1] for the
realization of long-distance quantum communication [2].
In the quantum repeater protocol, the transmission channel
is divided into several segments with lengths comparable
to the channel attenuation length. Entanglement is then
generated and purified [3] for short distances before being
extended to a longer distance by entanglement swapping
[4]. The entanglement creation, purification, and connec-
tion are probabilistic, thereby requiring the successfully
entangled segment state to be stored in a quantum memory
while waiting for the others to generate. Once the entan-
glement is distributed over the transmission channel, it can
be used for quantum teleportation [5] or cryptography [6].
A quantum memory with long storage time is therefore
crucial to achieve scalable quantum communication net-
works with a manageable time overhead.

Various schemes were proposed for implementing quan-
tum repeaters [7–9] in which the scalability stems from the
entanglement between a sent photon and the quantum state
stored in the quantum memory. The quantum state is stored
in a collective state of an atomic ensemble where a super-
position between two ground states is shared among all the
atoms. The key issue to a quantum memory is that the
stored state, which could be later read out by converting
into another photon, keeps its quantum correlation with the
sent photon. This correlation also allows an arbitrary state
to be written into the quantum memory by quantum
teleportation.

Significant progress has been made toward realization of
quantum repeaters in recent years. Nonclassical correlation
has been observed between Raman scattered photons and
the consequent collective excitations in an atomic en-
semble [10–14]. Number-state entanglement has also
been generated between two ensembles of atoms [15,16].

Most recently, quantum teleportation with a built-in quan-
tum memory [17] and entanglement swapping [18] have
been demonstrated.
Despite these advances, the storage times of the quan-

tum memories reported to date are primarily limited by
inhomogeneous broadening of the ground state due to
magnetic fields [19]. As a result, the quadrupole magnetic
field of the magneto-optical trap (MOT) used to confine the
atoms is switched off during the storage. Nevertheless, the
residual magnetic field still limits the lifetime (see below)
of the quantum memory to only �10 �s [13,17,19].
Moreover, without confinement, the atoms simply diffuse
out of the interaction region (�100 �m) after a few hun-
dred microseconds. For a quantum memory in a MOT, the
atomic diffusion imposes a strict limitation on the storage
time, which in turn limits the maximum distance for quan-
tum communication in practical applications.
On the contrary, a quantum memory confined in a far-

detuned optical dipole trap [20] can simultaneously
achieve long coherence and confinement as widely dis-
cussed in the recent literature [10,14,17–19]. In an optical
trap, the large detuning efficiently suppresses photon scat-
tering, which results in a nondissipative confinement for
the atoms without introducing magnetic fields. Further-
more, coherent manipulation of atomic internal states for
seconds has been demonstrated in such traps [21]. A quan-
tummemory of this sort thus has a potential storage time of
seconds. However, realization of a memory in an optical
trap is extremely challenging and, to the best of our knowl-
edge, has not been achieved.
In this Letter, we experimentally demonstrate a quan-

tum memory in a focused-beam optical trap that has a
long trap lifetime (�trap ¼ 20 s) and a negligible photon

scattering rate (� ¼ 4 s�1). In addition to optical trapping,
we also make use of the first-order magnetic-field-
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insensitive state (clock state). For the clock state, we
choose the superposition state of the magnetic sub-
levels, jc1i ¼ j5S1=2; F ¼ 1; mF ¼ �1i and jc2i ¼
j5S1=2; F ¼ 2; mF ¼ 1i, of 87Rb. These states experience

the same first-order Zeeman shift at a magnetic field of
�3:23 G [22]. Hence, an atomic ensemble in a superposi-
tion of this state pair is, to first order, insensitive to the
spatial inhomogeneity and temporal fluctuation of the
magnetic field [23,24]. Our quantum memory is therefore
robust against the principal decoherence process experi-
enced in previous experiments and provides an additional
confinement during quantum storage.

A schematic of our apparatus is shown in Fig. 1(a). The
experiment begins with a standard MOT. During 2 s of
loading, 5� 106 87Rb atoms, with a temperature of about
100 �K, are loaded from the background vapor. We then
change the configuration of the MOT to a temporal dark
MOT, followed by molasses cooling, to maximize the
transfer of atoms into the optical trap. In the dark MOT
phase, the frequency of the cooling light, fcool, is shifted to
the red of the j5S1=2; F ¼ 2i ! j5P3=2; F ¼ 3i transition
by 35 MHz for a duration of 145 ms, while the repumping
intensity Irepump is ramped down by a factor of 200. After

the dark MOT, the MOT quadrupole field is switched off
and molasses cooling is applied for 5 ms, resulting in a
peak atomic density of 3� 1010 cm�3 and a temperature
of about 20 �K. Subsequently, a magnetic bias field at
�3:23 G is switched on along the longitudinal direction of

the atomic cloud. The atoms are then optically pumped to
the jgi ¼ j5S1=2; F ¼ 1i hyperfine state by shuttering off

the repumping light 3 ms before the cooling light is ex-
tinguished. The time sequence of our experiment is sum-
marized in Fig. 2(a).
The optical trap is formed by a tightly focused laser

beam at � ¼ 1030 nm with a 1=e2 radius of 36 �m. The
beam is left on during the experimental cycles at 7 W,
leading to radial and axial trapping frequencies of !r ¼
2�� 2 kHz and !z ¼ 2�� 10 Hz, respectively, and a
trap depth of kB � 500 �K, with kB denoting the
Boltzmann’s constant. For typical operating conditions,
2� 105 atoms are transferred into the optical trap (un-
trapped atoms are allowed to free fall for 30 ms). The
temperature of the atoms after the transfer increases to
45 �K, possibly due to the heating associated with the
optical pumping. Together with the measured radial and
axial rms radius of 5:5 �m and 0.85 mm, respectively, we
derive a peak atomic density of 1012 cm�3 in the optical
trap. Figure 1(b) shows an absorption image of the opti-
cally trapped atoms after a time-of-flight of 0.3 ms.
With all atoms prepared in the ground state jgi, a weak

write pulse illuminates the atomic ensemble for a duration

FIG. 1 (color online). A schematic of our apparatus. (a) The
atomic ensemble is confined in an optical trap formed by a red-
detuned, focused laser beam. The optical-trapping beam is over-
lapped with the write and read beams (counterpropagating to
each other) on the dichroic mirrors (DM). Stokes and anti-Stokes
photons are detected by single-photon detectors D1 and D2,
respectively, at an angle of �2� with respect to the optical-
trapping beam. (b) An absorption image of the optically trapped
atoms along the radial direction after a time-of-flight of 0.3 ms.

FIG. 2 (color online). Time sequence and relevant atomic
transitions of the experiment. (a) After the MOT is switched
off, atoms are transferred into an optical trap. Subsequently,
10 000 alternating write and read pulses, with pulse lengths of
100 ns and 500 ns, respectively, and a controllable time delay of
t, illuminate the atomic ensemble. Before the first write pulse, a
read pulse (not shown) is applied to ensure that no atoms are in
the metastable state jsi. (b) and (c) illustrate the relevant atomic
levels involved in the write and read processes, respectively,
where jgi ¼ j5S1=2; F ¼ 1i, jsi ¼ j5S1=2; F ¼ 2i, and jei ¼
j5P1=2; F ¼ 2i. Zeeman splitting is not shown in this figure.
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of 100 ns. Figure 2(b) illustrates the relevant atomic tran-
sitions in the experiment. The right-circularly (�þ) polar-
ized write beam, copropagating with the optical-trapping
beam, is blue detuned �w ¼ 100 MHz from the jgi !
jei ¼ j5P1=2; F ¼ 2i transition with a 1=e2 radius of

250 �m. Each write pulse contains approximately 105

photons in the region of the atoms. As a result, there is
an extremely small probability (pS � 1) of inducing spon-
taneous Raman transition to the metastable state jsi ¼
j5S1=2; F ¼ 2i and detecting a Stokes photon with left-

circularly (��) polarization by a single-photon detector
D1. The collection mode of detector D1, with a 1=e2 radius
of 75 �m, is tilted at an angle of �2� with respect to the
write beam for frequency filtering.

Prior to the detection of a Stokes photon, the joint state
of the atomic collective mode and the Stokes mode is
described by j�i / j0aij0Si þ ei�

ffiffiffiffiffiffi

pS
p j1aij1Si þOðpSÞ

[7], where jiai and jiSi denote i quanta of excitations in
the atomic collective and Stokes modes, respectively,� is a
phase related to the propagation of the Stokes photon [19],
and OðpSÞ represents terms with higher excitations.
Conditional upon a click at detector D1, the Stokes field
is projected to j1Si and a collective atomic superposition
state,

j1ai ¼ 1
ffiffiffiffi

N
p X

N

j¼1

e�iðks�kwÞ�rj jgi1 � � � jsij � � � jgiN; (1)

is created and stored in the ensemble. Here, N is the atom
number, kS and kw are the wave vectors of the Stokes and
write photons, respectively, and rj is the position of the jth

atom when it scatters a Stokes photon.
After a controllable time delay (storage time) t, the

collective excitation in the atomic ensemble is converted
into a photon in the anti-Stokes mode, j1ASi. In the experi-
ment, only photons with �þ polarization are detected by
detector D2, for which the collection mode is matched to
detector D1 with a coupling efficiency of 80%. The coher-
ent conversion is accomplished by illuminating the atoms
with a strong,�� polarized read beam that is resonant with
the jsi ! jei transition and mode-matched to the write
beam in a counterpropagating configuration. This results
in a nonclassical pair of Stokes and anti-Stokes photons.
The number correlation of the photon pair is thus a useful
probe for the storage in the quantum memory, as various
sources of decoherence could cause degradation.

We explore the number correlation of the Stokes and
anti-Stokes photons by measuring the normalized cross-
correlation function, or the quantum mechanical degree of
second-order coherence, of the two fields [10], gS;AS ¼
pS;AS=pSpAS, where pS;AS is the joint probability of detect-

ing one photon by both detectors within the same experi-
mental trail, and pS (or pAS) is the probability of detecting
a Stokes (or anti-Stokes) photon individually. For a non-
classical photon pair, gS;AS violates the classical constraint

set by the Cauchy-Schwarz inequality [25], g2S;AS �
gS;SgAS;AS, where gS;S and gAS;AS are the normalized auto-

correlation functions [26]. In our experiment, the anti-
Stokes and Stokes fields are both in thermal states, gS;S ¼
gAS;AS ¼ 2 in the ideal case [27], and therefore measuring

gS;AS > 2 is an indication of nonclassical correlation.

Figure 3 illustrates our main result where the normalized
cross-correlation function is measured for various time
delays between the write and read pulses. Violations of
the Cauchy-Schwarz inequality are observed for delays up
to 60 �s. The observed violations correspond to the tem-
poral storage of the nonclassical correlation between the
Stokes and anti-Stokes photons as well as the atomic
collective state in the quantum memory. The measured
gS;AS function follows a Gaussian decay with two time

constants. The Gaussian dependence is a consequence of
the inhomogeneous phase broadening of the collective
state due to the residual magnetic field [19] and the
Maxwellian velocity distribution of the atoms [28]. The
two time scales result from different Zeeman components
of the atomic ensemble. During the write process, both the
jc1i ! jei ! jc2i (clock) and jF ¼ 1; mF ¼ 0i ! jei !
jF ¼ 2; mF ¼ 2i (nonclock) transitions contribute to the
detection of Stokes photons with �� polarization.
Likewise, the reversed transitions are involved in the de-
tection of anti-Stokes photons with �þ polarization during
the read process.
The time dependence of the normalized cross-

correlation function thus can be described by gS;ASðtÞ ¼
1þ Ance

�ðt=�ncÞ2 þ Ace
�ðt=�cÞ2 [13], where �c and �nc are

FIG. 3 (color online). Normalized cross correlation of the
Stokes and anti-Stokes fields as a function of the time delays
between the write and read pulses. Nonclassical correlation is
observed for storage times up to 60 �s. The curve is a Gaussian
fit with two time constants, �nc ¼ 16ð3Þ �s and �c ¼ 45ð5Þ �s,
and its asymptotic value of 1 as time delay t � �c corresponds
to the probabilistic coincidence events, pS;AS ¼ pSpAS. The

dotted line is a decay curve with only one time constant �c,
assuming the absence of atoms in the nonclock state. The
horizontal line at gS;AS ¼ 2 indicates the onset of quantum

correlation. The error bars indicate the statistical errors.
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the coherence times, or lifetimes, of the quantum memory,
and the coefficients Ac and Anc depend on the relative
strengths of the clock and nonclock transitions as well as
the initial atomic population in the Zeeman sublevels of the
F ¼ 1 manifold. Two lifetimes obtained from the fit to the
measurement are �expnc ¼ 16ð3Þ �s and �expc ¼ 45ð5Þ �s.
The fast decay in the short time scale is mainly due to
the decoherence induced by the residual magnetic field for
the atoms in the nonclock state. From �

exp
nc , the inhomoge-

neity of the magnetic field is estimated to be approximately
10 mG, which is comparable to what has been observed in
previous experiments [13,17,19]. The slow decay in the
long time scale, on the the hand, is associated with the
atoms in the clock state. The corresponding decay time �expc

is well beyond the limit �expnc imposed by the residual
magnetic field, which indicates the robustness of the clock
state.

The thermal motion of the atoms after the write process
accounts for the remaining decoherence in our experiment
[28,29]. The atomic motion induces dephasing in the col-
lective state through the position-dependent phase factors
in Eq. (1). During the quantum storage, an atom traveling
with a velocity of v leads to an additional phase of ðks �
kwÞ � �r with �r ¼ vt. The consequent dephasing results
in a decay in the normalized cross-correlation function
with a time scale of �thc � 1=ðvj�kjÞ, where v is the
velocity of the atom along the direction of �k ¼ ks �
kw. In our experiment, v and j�kj are estimated to be
66 mm=s and 290 mm�1, respectively, and a lifetime of
�thc ffi 53 �s is inferred. The agreement between �thc and
�expc thus implies the preservation of coherence in the
optical trap during the quantum storage. The discrepancy
is likely due to the misalignment of the magnetic bias field.

In conclusion, we have realized a quantummemory with
optically trapped atoms for collective atomic states.
Nonclassical correlations of the photon pair, arising from
the spontaneous Raman scattering and the retrieval of the
collective atomic state, are observed for storage times up to
60 �s. The measured lifetime of the quantum memory
associated with the atoms in the clock state is beyond the
limit imposed by the residual magnetic field, which shows
the robustness of the clock state. Together with the non-
dissipative confinement provided by the optical trap, the
quantum memory has a potential storage time of seconds.
The observed storage time is currently limited by the
thermal motion of the atoms. With an atomic ensemble at
a lower temperature, a longer storage time could be
achieved. For example, a temperature of submicro-Kelvin
could be obtained by employing evaporative cooling in a
crossed optical trap [30], which will greatly reduce the
atomic motion and thus extend the storage time beyond
milliseconds. Alternatively, one could confine the atoms in
an optical lattice and expect a storage time of seconds. We

also note that the inhomogeneous light shift in the red-
detuned optical trap could be improved by confining the
atoms in a blue-detuned ‘‘box’’ trap [31]. Lastly, our
experiment utilizes the atoms in the clock state as well as
the nonclock state. One could also realize a quantum
memory composed of atoms purely in the clock state, for
instance, by optically pumping all atoms into the state jc1i
before each experimental trial.
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