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Supp orting do cumen tation is pro vided for our pap er Ref. [1 ].

I. EXPERIMENT AL DET AILS

A. Losses and e�ciencies

In order to infer the concurrence of the �elds at di�eren t lo cations in our exp erimen tal apparatus it is imp ortan t

to c haracterize the losses in the di�eren t comp onen ts of the comm unication c hannels of �elds 2. Our measuremen ts

for suc h losses are giv en in the table b elo w for the path w a ys starting from eac h of the atomic ensem bles. Immediately

after the ensem bles, w e separate the classical pulses from �elds 1 and 2 in the single-photon lev el. This pro cedure is

explained in detail in Refs. [2 , 3 ]. The losses coming from this stage are due mainly to passage through para�n coated

v ap or cells, whic h ha v e transmission �

f c

. After the �ltering pro cess, �eld 2 is coupled to a p olarization main taining

�b er that carries it to the detection region. The coupling e�ciency is denoted b y �

c

. In the detection region, it is

imp ortan t �rst to �lter the 1.06 � m ligh t that propagates together with �eld 2, and whic h is used to activ ely lo c k

the read in terferometer when B S

2

is inserted. In order to �lter the 1.06 � m ligh t, �eld 2 comes out of the �b er and

passes through a bulk lo w-pass �lter that re
ects 1.06 � m ligh t and transmits with high e�ciency at 894 nm. A t this

stage, w e also include an extra �lter for 852 nm, to cut an y residual ligh t from the write pro cess, and then �eld 2

is coupled again to a �b er, this time a m ulti-mo de one. This whole pro cess of passing through the band-pass �lters

and recoupling to �b er is called generally \�lter for 1064 nm", and is c haracterized b y a transmission �

f

. Finally , the

detector e�ciencies are giv en b y �

AP D

. Note that a single n um b er is giv en for the pair of detectors D

2 b; 2 c

, since they

b oth ha v e measured e�ciencies of 40%.

Description Sym b ol V alue for ensem ble L V alue for ensem ble R Error

�lter cell �

f c

0.80 0.80 0.02

�b er coupling �

c

0.70 0.65 0.02

1064 nm �lter �

f

0.70 0.70 0.02

detector �

AP D

0.32 0.40 0.02

T otal � 0.13 0.15

T ABLE 1: List of e�ciencies asso ciated with photon 2 propagation and detection.

B. Suppression of in terference b et w een the 2

L

; 2

R

�elds for distinguishable

detection ev en ts from the �elds 1

L

; 1

R

In our exp erimen t, en tanglemen t is generated b y quan tum in terference b et w een the �elds 1 emitted b y the en-

sem bles, that are com bined at a b eam-splitter and detected. F or this in terference to o ccur, the t w o �elds m ust b e

indistinguishable, suc h that no information can b e obtained ab out the origin of the photons. A go o d w a y to illustrate

the imp ortance of this o v erlap is to render the photons distinguishable, for instance b y com bining the t w o �elds 1

with orthogonal p olarizations. In this w a y , information ab out the origin of the detected photon is near maximal,

and the degree of measuremen t-induced en tanglemen t should b e signi�can tly reduced (to zero in the ideal case). The

results of suc h a measuremen t are sho wn in Fig. 1. Fig. 1(a,b) sho ws the in terference fringes obtained when the

photons of �eld 1 are com bined with parallel p olarizations (same fringes as in Fig. 2 in Ref [1]), while in Fig. 1(c,d),

the photons from �eld 1 are com bined with orthogonal p olarizations. In the latter case, the visibilit y drops to near

zero, and there is no en tanglemen t b et w een the t w o ensem bles. The residual oscillation in the conditional coun t rate
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can b e explained b y the �nite p olarization extinction ratio in our p olarization main taining �b ers. The �b ers used in

our exp erimen t ha v e a measured extinction ratio of 28 dB b et w een their t w o orthogonal propagation mo des. This can

lead to a residual visibilit y of 8 %, whic h is compatible with the amplitude of the residual oscillation in Fig. 1(c,d).

C. Asymmetry in the creation of the states conditioned on D

1 a

and D

1 b

The di�erence in the t w o sets of probabilities ( p

(1 a )

01

; p

(1 a )

10

) and ( p

(1 b )

01

; p

(1 b )

10

) results from an asymmetry in the

b eam splitter B S

1

for detection of the write �elds 1

L

; 1

R

, with a measured ratio of transmission to re
ection

T =R = 0 : 85. Hence, in addition to the � sign in Eq. 1 of Ref. [1] set b y detection at D

1 a

or D

1 b

, the rel-

ativ e amplitudes for the conditional state can also di�er, resulting in di�eren t v alues for the concurrence. W e

exp ect the ratio ( p

(1 a )

01

=p

(1 a )

10

)( p

(1 b )

01

=p

(1 b )

10

)

� 1

to b e ( T =R )

2

= 0 : 73, whic h agrees w ell with the measured v alue

(7 : 51 = 7 : 38)(8 : 78 = 6 : 19)

� 1

= 0 : 72.
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FIG. 1: Num b er of coincidences N

2 a

(squares) and N

2 b

+ N

2 c

(circles) recorded b y the resp ectiv e detectors D

2 a; 2 b; 2 c

for the

�elds 2

L

; 2

R

with the in terferometer arrangemen t of Fig. 1(b)of Ref. [1] as a function of the relativ e phase ' . F rames (a) and

(b) are the same as frames (a) and (b) of Fig. 2 of Ref.[1], i.e., they sho w the in terference fringe b et w een �elds 2

L

; 2

R

as a

result of com bining �elds 1

L

; 1

R

in an appro ximately indistinguishable fashion with parallel p olarizations. F rames (c) and (d)

sho w the results of the same measuremen t on �elds 2

L

; 2

R

, but no w with �elds 1

L

; 1

R

com bined with orthogonal p olarizations.

A t eac h setting of ' , data are acquired for 150 s with a detection windo w of width 190 ns.

D. V eri�cation of single excitation regime

Apart from the parameter h

(2)

c

discussed previously , another measure of the single-photon c haracter of �eld 2 is

giv en b y the ev aluation of the function ~g

12

= ~p

12

= ( ~ p

1

~p

2

) for eac h ensem ble separately [2, 3 ], where ~p

12

is the join t

probabilit y of detecting a photon in �eld 1 and another in �eld 2, and ~p

i

is the probabilit y of detecting a single photon

in �eld i . F or the situation of our measuremen t, w e obtained ~g

12

v alues of ab out 9 and 11 for ensem bles R and L ,

resp ectiv ely , whic h is then an indication of the single-photon c haracter of �eld 2 emitted b y b oth ensem bles separately ,

conditionned on a write detection ev en t, as discussed in [3].

E. Phase stabilization

The � 12 m path lengths for the t w o in terferometers formed b y ( B S

w

; B S

1

) and b y ( B S

R

; B S

2

) sho wn in Figures

1(a) and 1(b)of Ref.[1], resp ectiv ely , are held constan t b y injecting an io dine stabilized Nd:Y A G laser in to the �b er
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b eam splitters B S

w

; B S

R

for the write and read b eams. The �elds at 1 : 064 � m emerging from b eam splitters B S

1

; B S

2

are directed to separate sets of detectors (not sho wn in the �gure), whose outputs are used to stabilize the relativ e

path lengths of the resp ectiv e Mac h-Zehnder in terferometers b y feedbac k to piezo electric transducers on whic h are

moun ted mirrors in the paths of the write and read b eams in the L arms of the resp ectiv e in terferometers. Since

the write and read b eams are com bined together b efore b eing fo cused in to the ensem bles, the in terferometers share a

common free space path when they cross the atoms. In order to con trol them indep enden tly and minimize crosstalk,

the t w o in terferometers are addressed alternately at a rate of 400 kHz.

F. Normalization and detector con�guration

The role of the three detectors in our exp erimen t is as a second c hec k on the order of magnitude of the t w o-photon

ev en ts. Our main c hec ks w ere discussed in Ref.[1] and in section I D of this Supplemen tary Information. It is in teresting

to obtain directly p

02

and ha v e an idea of its e�ect on p

01

. F or our measuremen t, w e obtained, with D

2 b

and D

2 c

,

p

02

= (2 : 2 � 0 : 4) � 10

� 5

conditioned on detector D

1 a

, and p

02

= (2 : 4 � 0 : 4) � 10

� 5

conditioned on detector D

1 b

. These

v alues are obtained athe lo cation of the detectors, assuming a unit quan tum e�ciency and without an y corrections

for bac kground or dark coun ts. Note that these v alues are so small that if tak en in to accoun t, the correction for p

10

and p

01

w ould b e negligible and within the quoted uncertainities. In order to simplify our analysis and in v ersion

algorithm, w e consider the three detectors as an e�ectiv e set of t w o detectors. This is done b y simply adding the

coincidence ev en ts b et w een D

2 b

and D

2 c

to the sum N

2 b

+ N

2 c

, in the same w a y that w ould result from the use of

a non-n um b er-resolving detector. In this case, the measured normalization constan t

~

P is equal to one, since ev ery

measured ev en t con tributes to one of the elemen ts of the restricted densit y matrix. If w e had used more detectors,

the discrepancy of

~

P from unit y w ould b e on the order of p

02

and again small compared to the exp erimen t accuracy

and statistical uncertainities.

I I. THEOR Y

A. En tanglemen t

F or con v enience of description w e assume the t w o atomic ensem bles L and R to b e in the hands of Alice and

Bob, resp ectiv ely . The state of the t w o ensem bles conditioned on a clic k of one of the t w o detectors D

1 a

or D

1 b

(see

Figure 1b of Ref.[1]) is mapp ed on to a state of m ultiple �eld mo des b elonging to Alice and m ultiple mo des b elonging

to Bob. Because the mapping in v olv es only lo c al op erations b y Alice and Bob, the en tanglemen t (in particular, the

en tanglemen t of formation) b et w een their systems cannot increase on a v erage [4 ]. Hence the en tanglemen t found

b et w een Alice's and Bob's �eld mo des is a lo w er b ound on the en tanglemen t b et w een the atomic ensem bles. W e will

use this t yp e of reasoning sev eral times here: certain exp erimen tal pro cedures can b e exactly mimic k ed b y imagining

Alice and Bob p erforming LOCC (lo cal op erations and classical comm unication): those op erations cannot increase

the en tanglemen t w e �nd. W e also sometimes set a lo w er b ound on the en tanglemen t analytically , using quan tities

that are more straigh tforw ard to measure in the lab oratory . That w a y , w e can unam biguously determine the presence

of en tanglemen t b et w een the t w o ensem bles, ev en if w e migh t underestimate its actual magnitude.

On eac h side there is one main mo de (a tra v eling mo de) in to whic h photons are emitted predominan tly [5]. Those

mo des w e denote b y 2

L

and 2

R

. Other mo des ma y b e p opulated with v ery small probabilit y , but in the analysis w e

assume all detector clic ks arise from mo des 2

L

and 2

R

. In the exp erimen t this reduction from m ultiple to single mo des

is mainly accomplished b y the use of single mo de �b ers, whic h �lter out di�eren t spatial mo des. This is a pro cedure

that can b e exactly mimic k ed b y Alice and Bob p erforming that same spatial �ltering on their lo cal mo des and hence

can only decrease the actual en tanglemen t.

W e also assume that nev er more than 2 photons p opulate eac h mo de. This is an excellen t appro ximation on its

o wn (and is supp orted b y our measuremen ts), but more imp ortan tly , this assumption corresp onds to lo w er b ounding

the en tanglemen t, as detailed b elo w.

W e furthermore assume that all o�-diagonal elemen ts of the densit y matrix b et w een states with di�eren t n um b ers

of photons v anish. This is a v alid assumption when one tak es in to accoun t that phase can only b e de�ned relativ e

to a reference laser b eam shared b y Alice and Bob. T racing out that laser �eld sets the o�-diagonal elemen ts to

zero. Indeed, the exp erimen t mak es no use of kno wledge of the phases of the v arious lasers used. Moreo v er, this

can only underestimate the en tanglemen t, since tracing out the laser mo des can b e exactly mimic k ed b y Alice and

Bob p erforming lo cal op erations that mak es all those o�-diagonal elemen ts zero. Namely , they could eac h apply a

random phase shift to their mo des, suc h that the phase di�erence is �xed (this requires classical but not quan tum
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comm unication), and subsequen tly ignore the information ab out the individual phase shifts. The phase di�erence is

equal to the phase ' in tro duced in Ref.[1].

This then lea v es us with a densit y matrix of the form

�

2

L

; 2

R

=

0

B

B

B

B

B

B

B

@

p

00

0 0 0 0 0

0 p

01

d 0 0 0

0 d

�

p

10

0 0 0

0 0 0 p

11

e f

0 0 0 e

�

p

02

g

0 0 0 f

�

g

�

p

20

1

C

C

C

C

C

C

C

A

:

W e can b ound the concurrence of this state b y

C ( �

A;B

) �

~

P C ( ~ �

2

L

; 2

R

) (1)

where

~

P = p

00

+ p

01

+ p

10

+ p

11

(2)

~�

2

L

; 2

R

=

1

~

P

0

B

B

B

@

p

00

0 0 0

0 p

01

d 0

0 d

�

p

10

0

0 0 0 p

11

1

C

C

C

A

: (3)

One obtains this b ound b y considering the e�ects of t w o lo cal op erations b y Alice and Bob consisting of measuring

whether eac h mo de has more than 1 photon or not and comm unicating this result one to the other. W e treat this

step explicitly and separately from the v ery similar step men tioned ab o v e [where cases with more than t w o photons

are �ltered out], in order to remind ourselv es w e do ha v e to k eep trac k of the total probabilit y to �nd more than 1

photon in one of the mo des, 1 �

~

P . Also, w e note explicitly this step do es not corresp ond to an y pro cedure in our

exp erimen t, but is just an analytic to ol to b ound the en tanglemen t and express it in terms of quan tities that can b e

easily determined without to o large uncertain t y (unlik e higher-order matrix elemen ts suc h as p

12

, etc).

1. Dete ction window

In Fig. 3 of Ref[1], w e sho w results for a smaller detection windo w that giv e a higher estimation for the amoun t of

en tanglemen t b et w een the �elds. The use of a smaller detection windo w can also b e understo o d as a reduction from

m ultiple to single mo des b y �ltering out di�eren t temp oral mo des. This is a pro cedure that can b e exactly mimic k ed

b y Alice and Bob p erforming that same temp oral �ltering on their lo cal mo des and hence can only decrease the actual

en tanglemen t (note though, that the estimate of en tanglemen t can b e increased b y this pro cedure, ev en though the

actual en tanglemen t decreases. The estimated v alue just gets closer to the actual v alue than when not �ltering out

extraneous mo des).

F or the p ossibly remaining m ultiple mo des in the smaller time windo w, w e ma y supp ose Alice and Bob eac h apply

the follo wing �ctitious transformation

j n

1

ij n

2

i : : : ! j

X

i

n

i

ij n

1

; n

2

; : : : i

M

to their lo cal mo des. This transformation collects all photons in one mo de (the �rst k et), and k eeps trac k of where they

came from in a separate system M (for \memory"), suc h that the transformation is unitary . This transformation,

therefore, lea v es the en tanglemen t b et w een Alice's and Bob's mo de unc hanged. Our detectors not b eing able to

distinguish di�eren t mo des within the same time windo w then b oils do wn to tracing out the memory system, whic h

can only decrease the en tanglemen t.

2. Single p article entanglement

One sometimes sees ob jections to calling en tangled a state of the form

j 	 i

AB

= j 0 i

A

j 1 i

B

� j 1 i

A

j 0 i

B

(4)
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where A and B are t w o spatially separated mo des of ligh t �elds and j n i , n = f 0 ; 1 g is a F o c k state con taining n

photons. One ob jection is that there is only one photon presen t, and one migh t think one needs at least t w o photons

(or particles) to ha v e en tanglemen t. Ho w ev er, the state (4) can b e con v erted in to an en tangled state with 2 particles

b y lo c al op erations, th us demonstrating en tanglemen t in the original state [6]. A second ob jection [7] applies to the

case where the phase b et w een j 0 ij 1 i and j 1 ij 0 i is not de�ned, suc h as when there is no phase reference presen t. Indeed,

in that case one w ould not ha v e a state of the form (4) but a mixed unen tangled state instead. In our exp erimen t,

ho w ev er, the phase is w ell-de�ned and hence w e conclude, again, that the state (4) is gen uinely en tangled. The issue

is discussed in more detail in [6 ].

B. Measuremen ts

All measuremen ts are p erformed using Geiger-mo de a v alanc he photo dio des (APDs). W e assume there are only

t w o outcomes of a photo detection measuremen t, corresp onding to no clic k or some nonzero n um b er of clic ks (indeed,

that is the only information used in the exp erimen t). Th us, if the incoming mo de 2

L

is describ ed b y an annihilation

op erator a then the photo detector p erforms a PO VM of the form

�

0

=

X

n � 0

( � 1)

n

a

y n

a

n

n !

�

1

= I

A

� �

0

; (5)

with I

A

the iden tit y on 2

L

. The corresp onding probabilities are denoted b y p

0

and p

1

,

p

k

= T r �

2

L

�

k

; (6)

if �

2

L

is the state of mo de 2

L

. T o deduce higher-order probabilities with k � 2, b eam splitters can b e emplo y ed to

divide and direct the mo de a to m ultiple detectors.

Join t probabilities for measuremen ts on the t w o mo des 2

L

and 2

R

can b e determined in a similar w a y if w e in tro duce

the annihilation op erator b for mo de 2

R

and the corresp onding op erators �

A;B

n

for n = 0 ; 1 for the t w o mo des. The

op erators �

0

and �

1

ab o v e w ere written in normal order. Similarly , join t measuremen t probabilities can b e written

as

P

mn

= T r ~ �

2

L

; 2

R

: �

A

m


 �

B

n

: ; (7)

where all annihilation op erators a and b are written to the righ t of all creation op erators a

y

and b

y

. F or example, this

allo ws one to include easily the e�ects of �nite e�ciencies of detectors: If � is the e�ciency of a detector and a the

annihilation op erator for the mo de impinging on the detector, w e ma y replace a !

p

� a +

p

1 � � v where v acts on

an auxiliary mo de that is assumed to b e in the v acuum state. T erms with nonzero p o w ers of v then do not con tribute

to coun ting rates pro vided w e ev aluate these b y using a normally-ordered expression. In that case, w e can ignore v

and just replace a !

p

� a . The same replacemen t can b e used to tak e in to accoun t losses during propagation.

The most straigh tforw ard w a y to determine ~�

2

L

; 2

R

consists of t w o stages. The �rst stage determines the diagonal

elemen ts, the second the o�-diagonal elemen ts: F rom the measured frequencies of join t detection ev en ts w e obtain

estimates for the corresp onding probabilities for those join t ev en ts in terms of the underlying densit y matrix elemen ts.

In v erting these expressions giv es estimates on the elemen ts of the densit y matrix.

1. Diagonal elements

Conditioned up on detection of an ev en t at either detector D

1 a

or D

1 b

, the diagonal elemen ts of ~�

2

L

; 2

R

w ere measured

b y the setup describ ed in Figure 1(b) of Ref.[1]. Photons in mo de 2

L

are detected b y a photo detector D

2 a

but mo de 2

R

is split on a 50/50 (appro ximately) b eamsplitter and photons in the t w o resulting mo des are coun ted b y photo detectors

D

2 b

and D

2 c

. Starting with mo de op erators a and b for mo des 2

L

and 2

R

, there are sev eral transformations a�ecting

a and b . Denoting b y a

1

the mo de op erator detected b y detector D

2 a

, and b y b

1

and b

2

those detected b y D

2 b

and

D

2 c

, the transformations are simply

a

1

=

p

�

L

�

1

a

b

2

=

p

�

R

�

2

b=

p

2

b

3

=

p

�

R

�

3

b=

p

2 (8)
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with �

L;R

indicating the total e�ciency of propagating to the detectors, and �

1 ; 2 ; 3

the detector e�ciencies of detectors

D

2 a

; D

2 b

; D

2 c

. One then obtains expressions for the exp ected join t coun t probabilities p

k lm

with k ; l ; m = 0 ; 1 b y

substituting (8) in to (5) and (7). When acting on ~�

2

L

; 2

R

the op erators a and b are understo o d to b e a 
 I

B

and I

A


 b .

In the end, w e only consider the total n um b er of coun ts in detectors D

2 a

and D

2 b

; D

2 c

together, leading to join t

probabilities Q

mn

with m = 0 ; 1 and n = 0 ; 1 ; 2,

Q

mn

=

X

m

X

s + t = n

P

mst

: (9)

Again, for these measuremen ts as w ell as those in the next section, the detection ev en ts at D

2 a

and D

2 b

; D

2 c

are

conditioned up on an ev en t at either D

1 a

or D

1 b

. This giv es expressions for the exp ected detection probabilities Q

mn

as functions of the diagonal elemen ts p

mn

of the densit y matrix: con v ersely , giv en the exp erimen tally determined Q

mn

w e in v ert the expressions to obtain estimates for p

mn

.

2. O�-diagonal elements

The o�-diagonal elemen ts are measured b y including t w o extra elemen ts: one is a phase shifter in one of the mo des,

sa y mo de 2

L

, th us replacing a ! exp( i' ) a . This phase is v aried to pro duce the in terference pattern (\fringes") of

Figure 2. Second is an extra 50/50 b eamsplitter after the phase shifter [ B S

2

in Fig. 1(b)]. One again easily arriv es at

simple expressions for the op erators a

1

and b

1

; b

2

detected in terms of a and b , similar to that of (8). Just as b efore,

one then obtains expressions for the exp ected join t coun t probabilities p

k lm

with k ; l ; m = 0 ; 1 b y substituting these

expressions for a

1

; b

1

; b

2

in to (5) and (7). W e th us �nd the join t detection probabilities Q

f

mn

for the \fringes" as a

function of d and the diagonal elemen ts of ~�

2

L

; 2

R

. Since w e already obtained the diagonal elemen ts in the previous

step, w e then �nd an estimate of the o�-diagonal elemen t d from the visibilit y of the fringes.

Note that w e ha v e also carried out measuremen ts with detector D

2 a

replaced b y a b eam splitter and a pair of

APDs, as for detectors D

2 b

; D

2 c

. In this w a y , w e con�rm explicitly that higher order ev en ts with k � 2 at D

2 a

ha v e

a negligible impact on our estimates of fringe visibilit y and of the probabilities p

00

; p

10

; p

01

; p

11

that en ter in to the

determination of the concurrence C , in agreemen t with the indep enden t assessmen t from D

2 b

; D

2 c

.

In addition to the ab o v e analysis w e also p erformed a maxim um lik eliho o d analysis of the densit y matrix. Giv en

the actually detected photon statistics for b oth measuremen ts of diagonal and o�-diagonal elemen ts to gether one can,

for eac h p ossible candidate densit y matrix �

2

L

; 2

R

, calculate the probabilit y that the actually obtained measuremen t

outcomes o ccur. Maximizing that probabilit y o v er all p ossible densit y matrices giv es the most lik ely densit y matrix.

This estimate has b een used as an additional c hec k on the inferred v alues quoted in the main text and their errors.
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