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Despite the apparent resemblance of J1023 to
47 Tuc W and PSR J1740−5340, the latter two
systems (and indeed all other currently known
eclipsing pulsars with companions of several-tenths
M⊙) reside in globular clusters and are likely to have
acquired their current companions in exchange inter-
actions after the pulsars were “recycled” (24). J1023
is the only known highly recycled (the fifth fastest
known) MSP in the field of the Galaxy with both
a nondegenerate companion and an orbit that has
been circularized through tidal interactions. A glob-
ular cluster origin for J1023 is extremely unlikely
because of its large distance from the nearest glob-
ular cluster as well as from the Galactic bulge. The
evidence points to J1023’s having been recycled
by its current companion, which has not yet
completed the transformation to a white dwarf.

The observed transition of J1023 suggests that
it is in a bistable state: For certain rates of Roche
lobe overflow, if the radio pulsar mechanism is
quenched, propeller-mode accretion can occur, but
if the radio pulsar mechanism is active, that same
mass accretion rate cannot overcome the radiation
pressure and no accretion occurs. Should the mass
transfer rate of J1023 rise sufficiently, then it may
enter another LMXB phase: A disk will form, the
radio emission may be quenched, and the x-ray
luminosity may increase dramatically, due to either
propeller-mode accretion, with a net spin-down of
the pulsar, or even brighter accretion onto the sur-
face, with a net spin-up.
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Determining the Dynamics
of Entanglement
O. Jiménez Farías,1,2 C. Lombard Latune,1,3 S. P. Walborn,1
L. Davidovich,1 P. H. Souto Ribeiro1*

The estimation of the entanglement of multipartite systems undergoing decoherence is important
for assessing the robustness of quantum information processes. It usually requires access to the
final state and its full reconstruction through quantum tomography. General dynamical laws may
simplify this task. We found that when one of the parties of an initially entangled two-qubit
system is subject to a noisy channel, a single universal curve describes the dynamics of
entanglement for both pure and mixed states, including those for which entanglement suddenly
disappears. Our result, which is experimentally demonstrated using a linear optics setup, leads to a
direct and efficient determination of entanglement through the knowledge of the initial state
and single-party process tomography alone, foregoing the need to reconstruct the final state.

The environment-induced dynamics of en-
tanglement presents surprising features and
challenging problems. For instance, when

the parts of an entangled system interact with in-
dependent environments, entanglement may dis-
appear at a finite time, before coherence decays
(1–7). Understanding the dynamics and how it
scales with the size of the system is of central rel-

evance to quantum computing and quantum com-
munication (8–10), as the viability of complex
quantum information tasks involving many qubits
(quantum bits) is intimately related to the robust-
ness of entanglement. However, its assessment is
still an open problem, especially for multipartite
systems. Even for the simplest entangled systems,
composed of just two qubits, subtle dynamical fea-

tures have been revealed (1, 3, 5–7). Therefore,
uncovering basic dynamical laws is an appealing
task that might shed some light on entanglement
and the feasibility of its applications.

The marked differences between the dynamics
of entanglement and the individual evolution of the
components of a physical system are consequences
of the nonlinear dependence of entanglement mea-
sures on the state of the system. The concurrence,
for instance, introduced as a quantifier of entangle-
ment (11), is given for a two-qubit system de-
scribed by the densitymatrix r12 byC=max{0,L},
whereL¼ ffiffiffi

l
p

1 −
ffiffiffi
l

p
2 −

ffiffiffi
l

p
3 −

ffiffiffi
l

p
4. The quan-

tities li are the positive eigenvalues of the matrix
r12(sy1⊗sy2) r12* r(sy1⊗sy2) in decreasing order,
where syi is the second Pauli matrix corresponding
to qubit i and the conjugation occurs in the compu-
tational basis {|00〉, |01〉, |10〉, |11〉}. The symbol⊗
stands for the direct product of operators corre-
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Ciencias Nucleares, Universidad Nacional Autónoma de México
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Supérieure, 24 rue Lhomond, 75005 Paris, France.
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sponding to different qubits.C takes values between
0 (separable states) and 1 (maximal entanglement).
The calculation of entanglement through this pro-
cedure requires knowledge of the density matrix
that characterizes the system. The dynamics of en-
tanglement is thus usually obtained from the evolved
state, reconstructed through quantum tomography
or calculated by considering the interaction between
the entangled system and the environment, which
can be represented by a “quantum channel” $ that
transforms the initial density matrix r into $(r).

An alternative to these tomographic proce-
dures that does not require the determination of
the final state was recently derived (12). When
one of the parts of an initially pure bipartite
system interacts with a noisy environment, the
evolution of entanglement can be simply de-
scribed by the product of two factors that depend
on the environment and the initial state, respec-
tively. Explicitly, when a quantum channel $ acts
on only one qubit of a two-qubit state described
by the density matrix r, the concurrence satisfies

C½ðI⊗$Þr� ≤ C½ðI⊗$Þjϕþ〉〈ϕþj�CðrÞ ð1Þ

where |ϕ+〉 is the Bell state (|00〉 + |11〉)/
ffiffiffi
2

p
). The

quantity C[(I⊗$)|ϕ+〉〈ϕ+|] is the concurrence of
the state that evolves from |ϕ+〉 when channel $
acts on the second qubit, and C(r) is the con-
currence of the initial state. The equality in Eq. 1 is
valid for pure initial states. In this case, knowledge
of the initial concurrence plus the characterization
of the environment through its action on the state
|ϕ+〉 are enough to determine the final concur-
rence. If the initial state ismixed, Eq. 1 provides an
upper bound for the final entanglement.

The experimental demonstration of the above
equality requires (i) the production of quasi-pure
quantum states, and (ii) a precise control of the
quantum channel, which should act on only one of
the two qubits. Both conditions are fulfilled in the
experiment reported here, which leads to a clear-cut
demonstration of Eq. 1. Furthermore, we show that
the factorization relation in Eq. 1 can be used to
estimate the entanglement of the final state through
single-qubit channel tomography, which is faster
and more accurate than the full reconstruction of
the final state. In addition, we propose and demon-
strate experimentally an extended version of the
factorization relation in Eq. 1, in which the equality
also applies to mixed states. We show that a uni-
versal curve describes the evolution of entangle-
ment for arbitrary initial states.

The evolution of a density matrix under the ac-
tion of a quantum channel $ can bewritten as $(r) =
∑iKirKi

†, where Ki are the Kraus operators (8). For
a qubit, there can be atmost four independent Kraus
operators, which can be written as linear combina-
tions of the identity and the Pauli matrices. The pos-
sible actions of the environment can then be reduced
to a finite number of typical quantum channels. The
set of Kraus operators completely characterizes the
quantum channel. They can be obtained from the
unitary evolution of the system plus environment
by tracing out the environment degrees of freedom.

A paradigmatic example of a quantum chan-
nel is the amplitude channel:

j0〉Sj0〉E → j0〉Sj0〉E

j1〉Sj0〉E →
ffiffiffiffiffiffiffiffiffiffiffi
1 − p

p j1〉Sj0〉E þ
ffiffiffi
p

p j0〉Sj1〉E
ð2Þ

where the subindex S denotes states of the system
and the subindex E those of the environment.
This equation describes, for instance, the sponta-
neous decay of a two-level atom interacting with
a zero-temperature environment (no initial exci-
tation in the environment). If the atom is initially
in the ground state, the global state does not
evolve. If the atom is excited, it has a probability
p of decaying and exciting the environment.
Complete decay corresponds to p = 1. With p =
1 − exp(−Gt), where G is the excited-state decay
rate, Eq. 2 is essentially the one derived by
Weisskopf and Wigner in 1930 (13). The
corresponding Kraus operators can be calculated
directly from Eq. 2. We have, in this case,

K1 ¼
�
1 0
0

ffiffiffiffiffiffiffiffiffiffi
1− p

p
�
, K2 ¼

�
0

ffiffiffi
p

p
0 0

�
,

K3 ¼ K4 ¼ 0% ð3Þ
In our experiment, the amplitude decay

channel displayed in Eq. 2 is implemented by
the modified Sagnac interferometer in Fig. 1. The
operation of the interferometer as a quantum
channel is described in detail in (1, 3). The
system states |0〉S and |1〉S correspond respective-
ly to the horizontal (H) and the vertical (V)
polarizations of a photon; the environment states
correspond to different propagation modes. A
single input photon is split into H and V
polarization components at the polarizing beam
splitter (PBS) of the Sagnac interferometer. This
amounts to coupling the photon momentum and
polarization degrees of freedom, as different
polarizations travel in different directions after
the PBS. The H component remains untouched
after propagation through the half-wave plate
HWP(0) inside the interferometer, while the V
component propagates through a half-wave plate
HWP(qV) that can change the polarization state.
HWP(0) is used only as a path length com-
pensator, but, depending on the setting of the
HWP(qV), the V component is rotated. The two
paths are recombined at another point of the same
polarizing beam splitter. When qV = 0, the
polarization state of the field at the output in
mode 0 of Fig. 1 is essentially the same as at the
input. However, if qV ≠ 0, part of the V
component will rotate to H and leak to mode 1.
The probability that an initially V-polarized pho-
ton is flipped to H and leaks to mode 1 is p = sin2

qV. This implements the quantum channel given
by Eq. 2. Modes 0 and 1 are then incoherently
recombined using a HWP and a PBS and sent to
detection, in order to implement the experimental
equivalent of performing the partial trace over the
environment degrees of freedom. The final polar-
ization state is analyzed with quantum tomog-
raphy. This procedure is repeated for several
values of p = sin2 qV.

The initial entangled bipartite state is produced
in the polarization degrees of freedom of two
photons generated by spontaneous parametric
down-conversion (14, 15). Quantum state tomog-
raphy is performed, through an arrangement of

Fig. 1. Experimental
setup. The elements in
the gray box to the left
are inserted when quan-
tum process tomogra-
phy is performed (15).

www.sciencemag.org SCIENCE VOL 324 12 JUNE 2009 1415
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wave plates and PBSs (16), in order to characterize
the initial state.

For each setting of p, we perform quantum
process tomography (QPT) to experimentally char-
acterize the quantum channel (15). This leads to the
reconstruction of the corresponding Kraus oper-
ators (8, 17). Figure 2 shows the Kraus operators
Ki (i = 1, ..., 4) reconstructed from QPT measure-
ments for different values of p. One can see that
the matrix elements closely follow those in Eq. 3,
implying that our setup leads to a very good imple-
mentation of the amplitude channel. The character-
ization of the quantum channel through QPTallows
the calculation of the first factor on the right side
of Eq. 1. The concurrence obtained from quantum
state tomography of the final state is then compared
with the one given by the factorization relation.

We study two quite different types of entangle-
ment dynamics, corresponding to an initial quasi-
pure state (for which entanglement vanishes only
when p = 1) and to an initial highly mixed state
(which leads to the vanishing of entanglement
for p < 1). The quasi-pure state is close to |y〉 =
a|HH〉 + b|VV〉 with a ≈ 0.46, b ≈ 0.88, and
concurrence C ≈ 0.69. This choice provides a
more interesting scenario than a maximally en-
tangled state, for which Eq. 1 is trivially sat-
isfied. Mixed states are produced by letting the
photon that does not interact with the environ-
ment pass through another Sagnac interferom-
eter similar to the one in Fig. 1. The results
(Fig. 3) correspond to the quasi-pure and the
highly mixed state. The measured concurrence
of the final state C[(I⊗$)r] is plotted versus the
product C(I⊗$|f+〉〈f+|)C[r], where C[r] is the

measured concurrence of the initial state and
C(I⊗$|f+〉〈f+|) is obtained from the reconstruction
of the channel through QPT. The different points
correspond to several values of p = sin2 qV, which
increase in the direction of the origin (p = 1 corre-
sponds to the origin in Fig. 3 where the final state
becomes completely separable). Error bars were
obtained from Monte Carlo simulations of experi-
mental runs (18). Ideally, the circles indicating the
quasi-pure state should stand on a linear function
with a unit slope (dashed line). The linear fit of the
circles has a slope of 0.87 (solid line). The slope is
not exactly equal to 1 because the initial state is not
perfectly pure. Mixed states lead to the inequality
in Eq. 1. This is clearly demonstrated by the squares
in Fig. 3, which correspond to an initial mixed state
with initial concurrence C = 0.5 and purity 0.53.
Because in Fig. 3 the parameter p of the signal
interferometer increases in the direction of the ori-
gin, we note that this state leads to “sudden death”
of the entanglement (1); that is, the concurrence
vanishes for p < 1.

The characterization of the channel through
QPT is made with local measurements, which are
generally less demanding than the two-qubit mea-
surements involved in bipartite quantum state to-
mography. Furthermore, inmost real-world situations,
the signal-to-noise ratio is much better for the initial
state than for the final state because of unavoidable
losses in the evolution process. Therefore, as com-
pared to the full reconstruction of the bipartite state,
our method provides for a more efficient determi-
nation of the final entanglement.

Our setup can be easily adjusted to implement a
wide variety of channels (3), allowing, in all cases,

the characterization of the channel throughQPT. In
fact, this setup allows for a textbook demonstration
of quantum channels (1, 3). The dashed line in
Fig. 3 represents the equality in Eq. 1 and is there-
fore the same for all kinds of quantum channels,
providing the final concurrence for initially pure
states and an upper bound for initial mixed states.

It is possible, however, to extend Eq. 1 so as
to always obtain the actual value of the final con-
currence, irrespective of the purity of the initial
state. The final concurrence is also obtained, in this
generalized version, from the knowledge of the ini-
tial state and the characterization of the channel.

The basis of this result is the duality between
channels and bipartite states, which implies (19, 20)
that there always exists a one-qubit channel $′
such that any bipartite density matrix r can be
written as r = (I⊗$′)s, where s is a pure-state
density matrix determined in the following way.
The reduced density matrix corresponding to qubit
1, r1 = Tr2(r), is written in terms of its diago-
nalizing basis,r1 ¼ ∑2

i¼1rijei〉〈eij. One then de-
fines a pure state that yields the same reduced
density matrix as the original state: jY〉 ¼
∑2

i¼1

ffiffi
r

p
ijei〉⊗j fi〉. Then s = |Y〉〈Y|. Replacing

Fig. 2. Experimental Kraus operators for several values of p. Average fidelity with respect to the
ideal amplitude channel given by Eq. 2 is 0.95.

Fig. 3. Comparison between measured concur-
rence and the product of factors on the right side
of Eq. 1. The circles and squares correspond re-
spectively to quasi-pure and mixed initial states.
The dashed line is a linear function with unit slope
and the solid line is a linear fit to the circles, with
slope of ~0.87.

Fig. 4. Comparison between measured concur-
rence and the product of factors on the right
side of Eq. 5. The circles and squares corre-
spond to those displayed in Fig. 3. The dashed
line is a linear function with unit slope. A linear
fit to the set of all data points results in a slope
of ~0.97.
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this into r = (I⊗$′)s, the channel $′ should satis-
fy the equation r1 ¼ ∑i;j

ffiffiffiffiffiffiffi
rirj

p jei〉〈ejj⊗$′ðjfi〉〈fjjÞ,
which determines the matrix elements (indexed
by a, b) of the channel $′:

½$′j fi〉〈 fjj�ab¼ðrirjÞ−1=2〈 faj〈eijrjej〉j fb〉
ð4Þ

BecauseC[(I⊗$)r] =C[(I⊗$)(I⊗$′)s], and s is a
pure state, it follows from Eq. 1 that

C½ðI⊗$Þr� ¼ C½ðI⊗$$′Þjϕþ〉〈ϕþj�CðsÞ ð5Þ
This is the extended version of the equality in
Eq. 1. It shows that even if the input state is
mixed, the final concurrence is given by the
product of two factors. The first factor is the
concurrence of an initial Bell state evolving
under the action of the product of two channels,
$$′, acting on the second qubit, and the second
factor is the concurrence of a pure state, C(s).
Both the channel $′ and CðsÞ ¼ 2

ffiffiffiffiffiffiffiffi
r1r2

p
are

obtained from the initial mixed state.
Figure 4 compares the concurrence obtained

from the tomography of the final state with the
product on the right side of Eq. 5, both for the

quasi-pure and the mixed states considered before.
The channel $′ and C(s) are determined from the
initial state, using the procedure described above.
All the points are very close to the dashed line with
unit slope, which is now a universal curve for both
pure and mixed states. Therefore, the benefit of
obtaining the final concurrence from single-qubit
QPTand the knowledge of the initial state, rather
than the costlier final-state tomography, is now
extended to initial mixed states.
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Colloidal Nanocrystals with Molecular
Metal Chalcogenide Surface Ligands
Maksym V. Kovalenko,1 Marcus Scheele,2 Dmitri V. Talapin1,3*

Similar to the way that atoms bond to form molecules and crystalline structures, colloidal
nanocrystals can be combined together to form larger assemblies. The properties of these
structures are determined by the properties of individual nanocrystals and by their interactions. The
insulating nature of organic ligands typically used in nanocrystal synthesis results in very poor
interparticle coupling. We found that various molecular metal chalcogenide complexes can serve as
convenient ligands for colloidal nanocrystals and nanowires. These ligands can be converted into
semiconducting phases upon gentle heat treatment, generating inorganic nanocrystal solids. The
utility of the inorganic ligands is demonstrated for model systems, including highly conductive
arrays of gold nanocrystals capped with Sn2S6

4– ions and field-effect transistors on cadmium
selenide nanocrystals.

Inorganic colloidal nanocrystals (NCs) with
precisely controlled compositions and mor-
phologies have shown useful physical and

chemical properties (1) and have found applica-
tions in light-emitting devices (2), photodetectors
(3), solar cells (4), and other devices. Despite pro-
gress in NC synthesis, fabrication of competitive
solid-state devices from solution-processed col-
loidal building blocks remains challenging. In a
NC solid, where each individual NC carries size-
dependent properties of the respective metal, semi-
conductor, or magnet, the transport of charges is
dominated by the interparticle medium. Themost

successful synthetic methodologies developed for
colloidal nanomaterials use surface ligands to stabi-
lize the particles with long (C8 to C18) hydrocarbon
chains (5) or bulky organometallic molecules (6).
These large molecules create highly insulating bar-
riers around each NC. Complete removal of surface
ligands has proven to be difficult and can create
surface dangling bonds and charge-trapping centers
(7). In a few successful examples, ligand exchange
by mild chemical treatment of PbSe NC films with
dilute hydrazine solutions (8, 9) or by linking CdSe
NCs with 1,4-phenylenediamine (10) yielded con-
ductive NC solids with carrier mobilities comparable
to those of solution-processed organic semiconduc-
tors. At the same time, dynamic changes of volatile,
easily oxidizable small linking molecules impart in-
stabilities in the electronic properties of conductive
NC solids.

It would be beneficial to design surface lig-
ands for colloidal nanostructures that (i) adhere to

the NC surface and provide colloidal stabilization,
(ii) provide stable and facile electronic commu-
nication between the NCs, and (iii) constructively
supplement the properties of the NC solid. We
propose a generalized approach that is compati-
ble with existing methodology for NC synthesis
and is based on exchange of the original organic
ligands with molecular metal chalcogenide com-
plexes (MCCs). MCCs provide colloidal stabili-
zation of various nanostructures while enabling
strong electronic coupling in the NC solids.

Some molecular MCCs are known as pre-
cursors for mesoporous metal chalcogenides
(11–13) and semiconducting films with high
carrier mobility (14, 15). Many MCCs can be
synthesized by dissolution of bulk main group or
transition metal chalcogenides in hydrazine (14).
Excess chalcogen is usually added to form sol-
uble anionic species such as Sn2S6

4– (14) with
hydrazinium (N2H5

+) as the counterion. Vari-
ous structures including covalent (N2H4)2ZnTe
(16), layered N4H9Cu7S4 (17), and mixed-metal
(N2H4)5SnS4Mn2 (18) are accessible by this ap-
proach. Hydrazine-stabilized MCCs, whose ex-
act molecular structure in soluble form has yet
to be identified, can be prepared for many other
metal chalcogenides including Ga2Se3, Sb2Se3,
Sb2Te3, CuInSe2, CuInxGa1–xSe2, andHgSe (19).

To prepare MCC-capped NCs (Fig. 1A), we
developed a simple ligand-exchange procedure
based on phase transfer of NCs from a nonpolar
organic medium into a polar solvent such as hy-
drazine or dimethyl sulfoxide (DMSO) (19). Typ-
ically, a solution of MCC in anhydrous hydrazine
(~1 to 5 mmol/ml) was stirred with NCs dissolved
in hexane (1 to 20 mg/ml) until the organic phase
turned colorless and a stable colloidal solution
of NCs in hydrazine was formed. The ligand-
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