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Entanglement is considered to be one of the most profound
features of quantum mechanics1,2. An entangled state of a
system consisting of two subsystems cannot be described as a
product of the quantum states of the two subsystems3±6. In this
sense, the entangled system is considered inseparable and non-
local. It is generally believed that entanglement is usually manifest
in systems consisting of a small number of microscopic particles.
Here we demonstrate experimentally the entanglement of two
macroscopic objects, each consisting of a caesium gas sample
containing about 1012 atoms. Entanglement is generated via
interaction of the samples with a pulse of light, which performs
a non-local Bell measurement on the collective spins of the
samples7. The entangled spin-state can be maintained for 0.5
milliseconds. Besides being of fundamental interest, we expect
the robust and long-lived entanglement of material objects
demonstrated here to be useful in quantum information proces-
sing, including teleportation8±10 of quantum states of matter and
quantum memory.

In 1935 Einstein, Podolsky and Rosen (EPR) formulated1 what
they perceived as a paradox created by quantum mechanics. Since
then, the EPR correlations and other types of entanglement have
been extensively analysed, notably by Bell2. Entangled or inseparable
states are fundamental to the ®eld of quantum information,
speci®cally to quantum teleportation of discrete8,9 and continuous10

variables and to quantum dense coding of discrete11 and
continuous12,13 variables, to name a few examples. The majority of
experiments on entanglement until now deal with entangled states
of light3,4,8±11,14. Entangled states of discrete photonic variables
(spin-half systems)3,4 as well as entangled states of continuous
variables (quadrature-phase operators) of the electro-magnetic
®eld14 have been generated experimentally. Entangled states of
material particles are much more dif®cult to generate experimen-
tally; however, such states are vital for storage and processing of
quantum information. Recently, entangled states of four trapped
ions have been produced15, and two atoms have been entangled via
interaction with a microwave photon ®eld16.

Here we describe an experiment on the generation of entangle-

ment between two separate samples of atoms containing 1012 atoms
each, along the lines of a recent proposal7. Not only do we
demonstrate a quantum entanglement at the level of macroscopic
objects, our experiment proves feasible a new approach to the
quantum interface between light and atoms suggested in refs 7,
17. It is a step towards the other protocols proposed7,17, such as the
teleportation of atomic states and quantum memory. The entangle-
ment is generated through a non-local Bell measurement on the two
samples' spins, performed by transmitting a pulse of light through
the sample.

The ideal EPR entangled state of two sub-systems described by
continuous non-commuting variables ÃX1;2 and ÃP1;2 Ðsuch as the
positions and momenta of two particles, for exampleÐis the state
for which ÃX1 � ÃX2 ! 0; ÃP1 2 ÃP2 ! 0. Recently5,6, the necessary and
suf®cient condition for the entanglement or inseparability for
such gaussian quantum variables has been cast in the form of an
inequality involving only the variances of variables: h�d� ÃX1�
ÃX2��

2i � h�d� ÃP1 2 ÃP2��
2i , 2. In our experiment, the quantum vari-

ables that are analogous to the position and momentum operators
are two projections of the collective spin (total angular momentum)
of an atomic sample. The analogy is evident from the commutation
relation � ÃJz ; ÃJy� � iÃJx, which can be rewritten as � ÃX; ÃP� � i,
where ÃX � ÃJz=

����
Jx

p
and ÃP � ÃJy=

����
Jx

p
if the atomic sample is

spin-polarized along the x axis with JÃx having a large classical
value Jx. For two spin-polarized atomic samples with Jx1 �

2 Jx2 � Jx the above entanglement condition translates into

dJ2
12 [ dJ2

z12 � dJ2
y12 , 2Jx �1�

where we introduce the notations dJ2
z12 � h�d�ÃJz1 � ÃJz2��

2i and
dJ2

y12 � h�d�ÃJy1 � ÃJy2��
2i. The interpretation of condition (1) comes

from the recognition of the fact that for both atomic samples
in coherent spin states (CSS) the equality dJ2

y;z � Jx =2 holds, that
is, the inequality (1) becomes the equality. Entanglement between
atoms of the two samples is, therefore, according to condition (1),
equivalent to spin variances that are smaller than in samples in a
CSS18,19 characterized by uncorrelated individual atoms. The
entangled state of this type is a two-mode `squeezed' state for the
continuous spin variables5,7. A spin squeezed state of a single
macroscopic atomic ensemble has been generated previously21,22.

Entanglement is produced via interaction of atoms with polar-
ized light. A polarized pulse of light is described by Stokes operators
obeying the same commutation relation as spin operators
�ÃSy; ÃSz� � iÃSx. ÃSx is the difference between photon numbers in x
and y linear polarizations, ÃSy is the difference between polarizations
at 6458, and ÃSz is the difference between the left- and right-hand
circular polarizations along the propagation direction, z. In our
experiment light is linearly polarized along the x axis. Hence the two
pairs of continuous quantum variables engaged in the entanglement
protocol are ÃJz and ÃJy for atoms and ÃSz and ÃSy for light.

Here we report on the generation of a state of two separate
caesium gas samples (Fig. 1), which obey the entanglement condi-
tion (1). As shown in refs 7 and 17, when an off-resonant pulse is
transmitted through two atomic samples with opposite mean spins
Jx1 � 2 Jx2 � Jx, the light and atomic variables evolve as

ÃSout
y � ÃSin

y � aÃJz12; ÃSout
z � ÃSin

z

ÃJout
y1 � ÃJ in

y1 � bÃSin
z ; ÃJout

y2 � ÃJ in
y2 2 bÃSin

z ; ÃJout
z1 � ÃJ in

z1; ÃJout
z2 � ÃJ in

z2

�2�

where a and b are constants. The ®rst line describes the Faraday
effect (polarization rotation of the probe). The second line shows
the back action of light on atoms, that is, spin rotation due to the
angular momentum of light. According to equations (2), the
measurement of ÃSout

y reveals the value of ÃJz12 � ÃJz1 � ÃJz2 (provided
a is large enough, so that SÃin

y is relatively small) without changing
this value. It follows from equations (2) that the total y spin
projection for both samples is also conserved, ÃJout

y1 � ÃJout
y2 �

ÃJ in
y1 � ÃJ in

y2
7. The procedure can be repeated with another pulse of
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light measuring the sum of y components, ÃJy1 � ÃJy2, again in a non-
demolition way, while at the same time leaving the previously
measured value of ÃJz1 � ÃJz2 intact. As a result, the sum of the z
components and the sum of the y components of the spins of the
two samples are known exactly in the ideal case, and therefore the
two samples are entangled according to condition (1), since the
uncertainties on the left-hand side become negligible.

An important modi®cation of the above protocol is the addition
of a magnetic ®eld oriented along the direction x, which allows us to
use a single entangling pulse to measure both z and y spin
projections, as described in the Methods section.

The schematic of the experimental set-up is shown in Fig. 1. The
two cells are coated from inside with a paraf®n coating which
enhances the ground-state coherence time T2 up to 5±30 ms
depending on the density of atoms. jJxj and T2 are measured by
the magneto-optical resonance method (ref. 20 and references
therein).

After the samples are prepared in CSS, as described in the legend
to Fig. 1, optical pumping is switched off and a probe pulse is sent
through. Its Stokes operator Sy is measured by a polarizing beam
splitter with two balanced detectors. The differential photocurrent
from the detectors is split in two and its cos�t� and sin�t� power
spectral components �Sout

y cos���2 and �Sout
y sin���2 are measured by

lock-in ampli®ers. By repeating this sequence many times we obtain
the variances for these components, in short, spectral variances,
which according to equation (3) in the Methods section are
�dSout

y cos���2 � �dSin
y cos���2 � 1=2a2dJ2

z12 [ 1=2dS2 � kdJ2
z12, where

k � 1
2
a2, and similarly for �dSout

y sin���2 with substitution Jz ! Jy .
The coef®cient a � jgn=4FA¢ < 2:5 is estimated17 using j < l2=2p
as the resonant dipole cross-section, g � 5 MHz as the full width of
the optical transition, F � 4 as total angular momentum of the
hyper®ne ground state, A � 2 cm2 as the probe beam cross-section,

and n � 1013 as the number of photons in the 0.45 ms probe pulse
with power 5 mW.

The spectral variance data, ¢ � �dSout
y cos���2� �dSout

y sin���2 �

dS2 � kdJ2
z12 � kdJ2

y12 [ dS2 � kdJ2
12, is plotted in Fig. 2. The linear

®t to it, ¢�Jx�, is the quantum limit of noise corresponding to the
coherent spin state of samples (see Fig. 2 legend for details).

Using ¢�Jx� as a reference level we can now devise a measurement
procedure, which will verify the presence of an entangled state.
Namely, if for a certain state of the two ensembles the spectral
variance of the signal ¢EPR � dS2 � kdJ2

EPR obeys the inequality:

¢EPR � dS2
� kdJ2

EPR , dS2
� 2kJx � ¢�Jx� �4�

then apparently dJ2
EPR , 2Jx holds for such a state and therefore this

state is entangled in accordance with condition (1). It is, of course,
necessary to use otherwise identical conditions for measurements of
¢EPR and ¢�Jx�, that is, the same value of 2Jx and the same probe
intensity and detuning in order to keep the constant k unchanged
throughout the entire experiment. As mentioned above, the value of
2Jx has been controlled by a magneto-optical resonance measure-
ment to better than 5%. In the actual experiment described below
the measurements of ¢EPR and ¢�Jx� have been conducted in turn at
identical conditions at the repetition rate of 500 Hz.

The measurement sequence aimed at the generation and veri®ca-
tion of the entanglement consists of the optical pumping pulses,
which induces a CSS, the entangling pulse, which induces an
entangled state (pulse I) in the samples, and the verifying pulse,
which occurs after a delay time t and veri®es the entanglement
(pulse II). These pulses have the same duration and optical
frequency as the probe pulse used for the CSS measurements.
Between the two pulses the joint spin state of the two samples is
subject to decoherence. The photocurrents from the two pulses are
subtracted electronically and the variance of the difference, ¢EPR, is

B-field
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Figure 1 The experimental set-up, atomic level structure and the sequence of optical

pulses. Fluorescence of atoms interacting with light is seen inside the cells (arti®cial

colour). The two atomic samples in glass cells 3 3 3 cm at approximately room

temperature are placed in a highly homogenous magnetic ®eld of 0.9 G ( � 325 kHz)

surrounded by a magnetic shield. Caesium atoms are optically pumped into F � 4,

mF � 4 ground state in the ®rst cell and into F � 4, mF � 2 4 in the second cell to

form coherent spin states oriented along the x axis for cell 1 and along -x for cell 2.

Optical pumping is achieved with circularly polarized 0.45 ms pulses at 852 nm and

894 nm with opposite helicity for the two cells. The mean spin value for each sample is

given by J x � NS4
m�2 4mrmm � 4Np ! 4N , where N is the number of atoms and rmm

is the probability of an atom being in the m state, with the limiting value corresponding

to a perfect spin polarization, p � 1. The jJ x j for the two cells is adjusted to be

equal to or better than 5%. After the optical pumping is completed 0.45 ms long

entangling and verifying pulses separated by a 0.5-ms delay are sent through. Both

pulses are blue-detuned by ¢ � 700 MHz from the closest hyper®ne component of

the D2 line at 852 nm. The thermal atomic motion is not an obstacle in this experiment

but is rather helpful. The probe beam covers most but not the whole volume of the

atomic sample, but the duration of the pulses is longer than the transient time of an

atom across the cell. Therefore each light pulse effectively interacts with and

entangles all atoms of the samples. In addition, a large detuning of the probe makes

the Doppler broadening insigni®cant.
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measured as discussed in the Methods section. The vanishing ¢EPR

corresponds to two repeated measurements on the total spin state of
the two samples producing the same results, that is, it corresponds
to a perfect knowledge of both ÃJz12 and ÃJy12 and therefore to a
perfectly entangled state. In the experiment the minimal value of
¢EPR is 2dS2 owing to the quantum noise of the entangling and
verifying pulses.

The results of measurements with t � 0:5 ms are shown in Fig. 3.
The results are normalized to the CSS limit ¢�Jx� (the linear ®t in
Fig. 2). This limit thus corresponds to the unity level in Fig. 3. The
raw experimental data ¢EPR=¢�Jx� for the entangled state are shown
as stars. The values below the unity level verify that the entangled
state of the two atomic samples has been generated and maintained
for 0.5 ms. The derivation of the degree of entanglement from the
data in Fig. 3 is given in the Methods section. The degree of
entanglement calculated operationally from the data without addi-
tional assumptions is y � �35 6 7�%. The degree of entanglement
useful for teleportation that was calculated using an additional,
experimentally proved assumption of the initially CSS for both
samples is higher, y9 � �52 6 7�%. The predicted teleportation
®delity performed with the same two pulses as used in the present
paper (see Methods section) is F � 55%, which is above the classical
limit of 50%. The factors limiting the ®delity are of a technical
nature, and we expect higher ®delity to be well within reach.

The imperfect entanglement comes from several factors. First, the
vacuum noise of the entangling pulse prohibits a perfect prepara-
tion of the spin state, especially for a small number of atoms.
Second, the deviation of the initial spin state from CSS, which is due
to the classical noise of the lasers, becomes more pronounced as the
number of atoms grows. Finally, losses of light on the way from one
cell to another, as well as the spin-state decay between the two
measurements preclude perfect entanglement at all atomic densi-
ties. The spin-state decay is caused by collisions and the quadratic
Zeeman effect.

Measurements with delay times longer than 0.8 ms demonstrate
no entanglement. The decoherence process can be illustrated by
visualizing two ellipses in the phase space, corresponding to the two
samples, with the size along the long axes of the order of three, in
units of the coherent state (experimentally measured value). When
the ellipses start to dephase (rotate) the total noise along the short
axis becomes equal to the coherent state noise (zero degree of
entanglement) after the time of the order of 1.2 ms if the initial
entanglement of 65% (maximal degree allowed by the experimental
light noise) is assumed. After a 0.6-ms delay a degree of entangle-
ment of 35% should be expected, given the experimentally mea-
sured dephasing time of 5 ms. These numbers agree reasonably well
with observations.

It is instructive to analyse the difference between the degree of
entanglement and the degree of classical correlations. For uncorre-
lated atomic samples the normalized variance of the difference
between the two photocurrents would be equal to two, using the
notation of Fig. 3. The pure atomic part of this variance Vuncorr

would be approximately 1.5 for medium atomic densities. For the
actual data in Fig. 3 the atomic part of the variance is approximately
V corr � 0:25. The degree of correlation, 1 2 V corr=V uncorr, is 83% for
this example. This number is much higher than the degree of
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Figure 2 Determination of the coherent spin state limit for entanglement. The total

measured variance of the two quadratures of the photocurrent

¢ � �dS out
ycos���2 � �dS out

ysin���2 � dS 2 � kdJ 2
z12 � kdJ 2

y12 [ dS 2 � kdJ 2
12 is

plotted as a function of Jx. Jx is measured independently by magneto-optical resonance

method and is varied by heating the cells and by adjusting optical pumping. In the absence

of atoms in the cells the measured spectral variance is due to the initial probe state

variance dS 2. dS 2 is at the vacuum (shot) noise level, which has been veri®ed

experimentally by checking its characteristic linear dependence on the probe power. With

atoms present the measured variance grows linearly with Jx at low densities, which proves

that there is no classical contribution to the spin noise and that therefore the observed

atomic ¯uctuations at these densities are entirely due to quantum atomic noise21. The

degree of the spin polarization for the data in the ®gure (shown as squares) is nearly

perfect, p $ 95%, which means that the spin state is very close to the coherent spin state

(CSS). We therefore conclude that a linear ®t to the observed data corresponds to the CSS

of both atomic samples for which dJ 2
12 � 2J x and hence this line, which we denoted by

¢�J x �, establishes the noise level corresponding to the right-hand side of the inequality

(4). Deviations of the observed variance from the linear ®t at high atomic numbers are due

to the nonlinearly growing contribution of classical technical noise of the spin state

because of the technical noise of lasers, the non-ideal cancellation of the back action of

the probe on the two samples, and so on.
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Figure 3 Demonstration of the entangled spin state for two atomic samples. The

results are plotted as a function of Jx and are normalized to the CSS limit ¢�J x � (the

linear ®t in Fig. 2). This limitÐthe boundary between entangled (below the line) and

separable statesÐthus corresponds to the unity level in the ®gure (solid line). The raw

experimental data ¢EPR=¢�J x �Ðdata for the entangled spin state, which has lived for

t � 0:5 msÐare shown as stars. The values below the unity level verify that the

entangled state of the two atomic samples has been generated and maintained for

0.5 ms. The minimal possible level for ¢EPR=¢�J x � (maximum possible entanglement)

is equal to 2dS 2=¢�J x � (dotted line), that is, it is set by the total quantum noise of

the two pulses. The normalized shot noise level of the verifying pulse, dS 2=¢�J x �

(dashed line), which is used for calculations of the degree of entanglement, is also

shown.
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entanglement, implying that entanglement requires something
stronger than classical correlations. The reason for this difference
is that in quantum mechanics the measuring device (light in this
case) becomes entangled with the measured object and therefore the
noise of these two subsystems cannot be treated independently.

Thus, we have demonstrated on-demand generation of entangle-
ment of two separate macroscopic objects, which can be maintained
for more than 0.5 ms. The state we have demonstrated is not a
maximally entangled `SchroÈdinger's cat' state, which for 1012 atoms
would not survive even for a femtosecond under the conditions of
our experiment. Our state is similar to a two-mode squeezed state,
and is an example of a non-maximally entangled state which is
suitable for a particular purpose, for example, atomic teleportation.
The long lifetime of this multi-particle entanglement is due to a
high symmetry of the generated state. Entanglement manifests itself
only in the collective properties of the two ensembles. Therefore a
loss of coherence for a single atom makes a negligible effect on
the entanglement, unlike in a maximally entangled multi-particle
state. The entanglement is generated by means of light propa-
gating through the two samples and therefore the samples can be
distant, as is required for communications. The off-resonant
character of the interaction used for the creation of entangle-
ment allows for the potential extension of this method to other
media, possibly including solid-state samples with long-lived
spin states. M

Methods
Entangling spin components with a single light pulse

The Larmor precession of the Jz ; Jy components with a common frequency  does not
change their mutual orientation and size and therefore does not affect the entanglement.
On the other hand, the precession allows us to extract information about both z and y
components from a single probe pulse as described below. Moreover, in the laboratory
frame the spin state is now encoded at the frequency , and as usual an a.c. measurement
is easier to reduce to the quantum noise level than a d.c. measurement. Measurements
of the light noise can now be conducted only around its  spectral component. By
choosing a suitable radio-frequency value for  we can reduce the probe noise ÃSin

y;z�� to
the minimal level of the vacuum (shot) noise. In the presence of the magnetic ®eld the spin
behaviour is described by the following equations: ÇÃJz�t� � ÃJy�t�;

ÇÃJy�t� � 2 ÃJz�t� �
bÃSz�t�, whereas the Stokes operators still evolve according to equation (2). Solving the spin
equations and using equation (2) we obtain

ÃSout
y �t� � ÃSin

y �t� � a ÃJz12 cos�t� � ÃJy12 sin�t�
� �

�3�

The ÃJz;y components are now de®ned in the frame rotating with the frequency  around
the magnetic ®eld direction x. It is clear from equation (3) that by measuring the
cos�t�=sin�t� component of ÃSout

y �t� we can acquire the knowledge of the z/y spin
projections. Simultaneous measurement of both spin components of the two atomic
samples is possible because they commute: bÃJz1 � ÃJz2; ÃJy1 � ÃJy2 c � i�Jx1 � Jx2� � 0.

Degree of entanglement

The differential noise for the entangling (pulse I) and verifying (pulse II) pulses can be
expressed using equation (3) as:

¢EPR � dÅS2
cos � dÅS2

sin [ �dSIout
y cos�� 2 dSIIout

y cos ���
2
� �dSIout

y sin�� 2 dSIIout
y sin ���

2

� dS2
II � k k21dS2

I � d�ÃJz12�I 2 d�ÃJz12�II

� �2
� d�ÃJy12�I 2 d�ÃJy12�II

� �2
n o

[ dS2
II � kdJ2

EPR

�5�

The variance dJ2
EPR determines the uncertainty of the spin components of the state

prepared by the entangling pulse and measured after time t. It contains two contributions;
dS2

I , due to the quantum noise of the entangling pulse, and all other terms in the curly
brackets, which are due to decoherence during the time t. The verifying pulse in our
experiment is also not noiseless and therefore its variance, dS2

II , also contributes to ¢EPR. In
the experiment dS2

I � dS2
II � dS2. The exact entanglement condition, ¢EPR , ¢�Jx�, is

obtained by substituting equation (5) into equation (4). The degree of entanglement can
be de®ned as y � 1 2 �dJ2

EPR=2Jx� � 1 2 �¢EPR 2 dS2�=�¢�Jx� 2 dS2�. y varies from 0
(separable state) to 1 (perfect entanglement). The highest degree of entanglement
calculated operationally from the data is y � �35 6 7�%.

An alternative calculation of the degree of entanglement can be carried out7, which takes
into account that the initial state of both samples is characterized by the CSS noise level.
Equation (2) of ref. 7, using the notation of the present paper, yields for the highest
possible degree of entanglement (de®ned again as y � 1 2 �dJ2

EPR=2Jx�) and created by the
®rst pulse in our protocol, the value ytheory � 1 2 htheory where the degree of the `̀ two-
mode squeezing'' is, according to ref. 7, htheory � dS2=�dS2 � 2kJx� � dS2=¢�Jx�. This is

the best entanglement possible for a given ratio of the light noise and the atomic spin
noise contribution. This value of entanglement would correspond to the minimal
possible difference between the two pulses, ¢min

EPR � 2dS2. We note that this value is closer
to unity (stronger entanglement) than the degree of entanglement y � 1 2 �¢min

EPR

2 dS2�=�¢�Jx� 2 dS2� � 1 2 dS2=�¢�Jx� 2 dS2� calculated in the previous paragraph. This
is because the entanglement in ref. 7 is calculated assuming that the samples prior to
entanglement are known to be in the CSS. This fact has been experimentally veri®ed in the
present paper for up to intermediate atomic densities, so we may use this way of
calculating the degree of entanglement at these densities as well. However, we are
interested in the degree of entanglement, which has survived the delay time and which has
been measured by the verifying pulse. For various reasons, including the decoherence
during the delay time, the differential noise between the two pulses does not reduce
to its minimal value, ¢EPR . ¢min

EPR � 2dS2. Therefore the actual degree of entanglement,
as witnessed by the measurement, is lower than the maximum possible: y9 �
1 2 hexper , ytheory . Here the degree of squeezing, hexper � �¢EPR 2 dS2�=¢�Jx� . htheory

obtained from the data in Fig. 3 is worse than the theoretical best value, htheory, owing in
part to the diffusion of the state during the delay time between the entangling and the
verifying pulses. From Fig. 3 we ®nd hexper � 0:48 and therefore y9 � 52% for
Jx < 3:5 3 1012.

Expected ®delity of teleportation

It is also possible to estimate the ®delity of teleportation which would be achieved if
the second, verifying pulse were (instead of veri®cation) used for the Bell measure-
ment on one of the entangled samples and a sample to-be-teleported. Using the value
of y9 and equation (3) from ref. 7 we obtain a value for the ®delity of teleportation
of F � 55% for Jx < 3:5 3 1012. This is higher than the classical boundary of
F � 50%.

We note that the entangled state reported here has a random element in it, namely, every
(ideal) entangling measurement creates the state Jz1 � Jz2 � x; Jy1 � Jy2 � p with x; p
random measured values. However, this state is as ef®cient for teleportation, for example,
as is a state Jz1 � Jz2 � 0; Jy1 � Jy2 � 0.
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