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numerically in fig. S1B. Note that at a tricritical
point mc, tcmc ðL → ∞Þ is finite; for example,
tcmc ð∞Þ ≈ 0:72 in two dimensions, which is neither tc nor unity, and the fluctuation is large and
independent of N.
On the basis of the above results, we come to
the conclusion that for d < dc = 6, the percolation
threshold in the limit N → ∞ is tc for m < mc,
finite tcm at m = mc, and 1 for m > mc [(29), equations 8 to 10]. For d ≥ dc, mc → ∞, and for finite
m, tcm → tc (29). We conclude that when m is
finite, the PT is continuous in the limit N → ∞.
In statistical physics, it is known that mean-field
results above the upper critical dimension are
equivalent to the solution on sparse random graphs.
From this perspective, our result for d > dc is
comparable to previous results for the EP model
(10) on random graphs.
For the SCA model in the regime m > mc at
−
tcm
ðLÞ, we find that there are only a few clusters
and that they are compact (Fig. 3A). Thus, the
−
cluster size distribution at tcm
ðLÞ decays rapidly
in the region of small cluster size and exhibits a
peak in the region of large cluster size (Fig. 3B).
The interface between clusters forms naturally
along the bridge bonds and is self-affine. Because
of the presence of already macroscopically grown
but not yet spanning clusters, the order parameter
is increased drastically when occupying a bridge
bond. Finally, we note that for d ≥ dc, a discontinuous PT can take place if m varies with the
system size N. We obtain a characteristic value
mc ~ ln N such that when m increases with N
slower than mc, the PT is continuous, and when

m increases with N faster than mc, the PT is
discontinuous. They occur at tc and 1, respectively [see (29)].
For the product rule (4), the nature of the PT is
similar to the mean-field behavior of the SCA
model in low dimensions such as d = 2. Under
the best-of-m strategy, when m varies with the
system size as m > mc ~ ln N, clusters are also
compact and the number of clusters is limited to a
finite value, and thus a discontinuous PT can take
place. However, for a fixed m and in the thermodynamic limit, the PT is continuous [see (29)].
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Emergence of a Measurement Basis
in Atom-Photon Scattering
Yinnon Glickman, Shlomi Kotler, Nitzan Akerman, Roee Ozeri*
After measurement, a wave-function is postulated to collapse on a predetermined set of
states—the measurement basis. Using quantum process tomography, we show how a measurement
basis emerges in the evolution of the electronic spin of a single trapped atomic ion after
spontaneous photon scattering and detection. This basis is determined by the excitation laser
polarization and the direction along which the photon was detected. Quantum tomography
of the combined spin-photon state reveals that although photon scattering entangles all
superpositions of the measurement-basis states with the scattered photon polarization, the
measurement-basis states themselves remain classically correlated with it. Our findings shed light
on the process of quantum measurement in atom-photon interactions.
he interaction between quantum systems
and their environment results in decoherence and reduction of quantum superpositions to classical statistical ensembles. On the
other hand, probing a fraction of the environment
(environments by nature are too large to be monitored as a whole) yields information about the
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system state. The back-action on the system can
then result in the emergence of a measurement
basis. The measurement basis states will be those
that are classically correlated with the detected
environment modes, whereas their superpositions
will be entangled with the environment (1, 2).
Thus, decoherence, measurement, and entanglement all partake in the quantum measurement
process.
Because atomic systems can be well isolated from their environment and coherently
controlled with good fidelity, they are a good
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experimental platform for the study of such
fundamental quantum phenomena. In a typical
experiment, a bipartite atomic superposition is
controllably coupled to its environment and monitored in order to investigate different facets of
decoherence and measurement. Examples include the study of decoherence due to coupling
to engineered reservoirs by using trapped atomic
ions (3) or the observation of the progressive decoherence of the measurement apparatus by using
the interaction between atoms and a microwave
cavity (4).
A natural environment for atomic systems is
the electromagnetic vacuum to which they couple
via spontaneous photon scattering. The effect of
light scattering on the coherence of atomic interferometers showed that scattered photons expose
the path an atom has taken (5–7). Photon scattering
by trapped atomic ions, in which the direction
and magnitude of the internal angular momentum of an atom become correlated with a scattered
photon, results in spin decoherence (8–10). Stateselective florescence by use of resonant laser light
was used to measure the internal electronic state of
atoms with a very small error probability (11–13).
Last, the entanglement between a single atom and
a spontaneously scattered photon was recently
observed (10, 14, 15). In all of these experiments,
decoherence, measurement, and entanglement
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were separately explored. However, the full dynamics of measurement of the atomic state by the
electromagnetic vacuum environment was not observed. We show that a measurement basis emerges
in the spin-state space of a single trapped atomic
ion when photons are scattered and detected, in a
process in which decoherence, measurement, and
entanglement are intertwined.
We used the electronic spin, in the 5s2S1/2
ground level, of a single trapped 88Sr+ ion (Fig.
1). The ion was trapped and laser-cooled in a
linear Paul trap. A weak magnetic field, applied
in the z% direction, removed the degeneracy between the two spin states by ħw0, where w0/2p =
3.5 MHz, and ħ is Planck’s constant h divided by
2p. Spin initialization, readout, and rotations were
carried out by a combination of optical and radio
frequency (rf ) pulses (13, 16, 17). To ensure that
the spin direction was well defined in the lab
frame of reference, we reset the phase of our rf
oscillator at the beginning of each repetition of
the experiment. Subsequent to this initialization
procedure, the spin performed Larmor precession around the z% direction at w0.
Spin-photon interactions were induced by a
422-nm laser beam resonant with the 5s2S1/2 →
5s2P1/2 transition (21 MHz spectral width) and
polarized in the z% direction (Fig. 1, inset). The ion
scattered a photon from this beam with a probability between 0.05 and 0.1. Outgoing photons
were detected from a direction perpendicular to
the excitation laser direction ( x% direction). The
outgoing photon polarization was fully characterized by a polarization analysis unit. The overall
detection efficiency of scattered photons was
measured to be roughly 1/400. We post-selected
only those repetitions of the experiment in which a
single photon was recorded. To investigate spin
dynamics due to photon scattering, it is important
to know the spin direction within the Larmor precession cycle at the moment the photon was
scattered. To this end, we recorded the phase of
our local oscillator—tuned to the Larmor precession frequency w0—at the time the scattered photon was recorded (10).
Photon scattering transfers the electron between two spin 1/2 manifolds (5s2S1/2 → 5p2P1/2).
It is therefore convenient to think of the coupling
between these manifolds in terms of spin 1/2
(Pauli) operators. In events in which a single
photon was emitted into a direction k% , the spin
degrees of freedom in the ground and excited
states are coupled →via a single application of the
spin operator i( →
s · E) (2). Here,→→
s is a vector of the
Pauli spin 1/2 operators, and E is the polarization
vector of the emitted photon. In the case
of ab→
sorption, the coupling operator is −i→
s · E (17). It
is instructive to study the reduced spin evolution,
after photon emission, by using a circular photon
polarization basis. In this case, the two spin operators that correspond to the emitted
photon
→
polarization components are →
s→· E T * = sT, the
spin ladder operators in the k direction. This
means that spin states that initially point along the
emitted photon propagation direction can emit
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circularly polarized photons but only with the
helicity parallel to their spin. After emission of a
circularly polarized photon, the spin direction→
reverses but remains aligned with the photon k
vector. This is a simple manifestation of angular

momentum conservation in the photon emission
process. To evaluate spin evolution in the full
scattering process, one has to account for photon
absorption as well. Here, spin evolution depends
on the polarization of the excitation laser and its

Fig. 1. Schematic of the experimental setup.
A single 88Sr+ ion is trapped in a linear Paul
trap (15). The magnetic field is aligned along
z%. (Inset) A schematic level structure of the
5s2S1/2 and the 5p2P1/2 electronic levels. The
transition between these two levels is excited
by a weak resonant beam, propagating along
y% and linearly polarized along z%. Scattered
photons are collected along the x% direction,
and their polarization is analyzed by using
half- and quarter-wave retardation plates
and a PBS. The two ports of the PBS are
directed toward two photo multiplier tube
(PMT) detectors.

Fig. 2. Collapse of spin states. (A) The absolute value of the elements of the reconstructed process matrix,
in the basis E1 ¼ jx%〉〈x%j ¼ ðI þ sx Þ=2, E2 ¼ j−x%〉〈−x%j ¼ ðI−sx Þ=2 (projections on the jTx%〉 states), E3 =
−isy, and E4 = sz. (B and C) Two view points on the surface on which the Bloch sphere of initial spin states
is mapped after photon detection. (D) The von Nuemann entropy of post-scattering spin states plotted on
the Bloch sphere of initial spin states.
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direction relative to that of the scattered photon.
In our experiment, the ion is excited with a laser
beam that is linearly polarized in the →z direction
and photons are detected in the →x direction (Fig. 1).
The effect of a sequence of absorption and emission on the combined state of spin and emitted photons→can then be expressed by an application of
→
s ⋅ E ¼ sz followed by Semit ¼ →
s ðþ, xÞ ⊗a†→x,E→ þ
→
→
†
s ð−, xÞ ⊗a→x,E→ , where s ðT, xÞ ¼ sy ∓ isz are the
spin raising and lowering operators in the x%
direction. The spin-photon combined state after
absorption and subsequent photon emission in
the →x direction hence evolves under
þ

−

Sscatt ¼ →
s ðþ, xÞ →
s z ⊗a†→ → þ →
s ð−, xÞ →
s z ⊗a†→ →
x, E þ

¼ j−x% 〉〈−x% j⊗a†→ → þ jx% 〉〈x% j⊗a†→ →
x, E þ

x, E−

x, E −

ð1Þ

The spin of the ion is therefore projected
along the emitted photon direction every time a
photon with a circular polarization is detected.

The pair of states jT x% 〉 constitutes a measurement
basis. These states are invariant under photon
scattering (in the →x direction), and therefore their
entropy does not increase in the process. States
that are initialized along this direction do not—
whereas their superpositions do—entangle with the
scattered photon polarization.
The correlation between the scattered photon
and the basis along which spin states collapse can
be well understood by angular momentum conservation arguments. Absorption of a z% -polarized
photon flips x% -polarized spins (18). Circularly
polarized emitted photons require full ħ angular momentum transfer along x% . The detection of
circularly polarized photons therefore both measures and flips the spin in this direction. Spin states
that are initially pointing in the x% direction remain
invariant under absorption followed by emission
while the photon polarization measures the atomic
spin along this direction. By post-selecting events
in which the photon was scattered in a different
direction, the basis along which the atomic spin is

Fig. 3. Spin measurement via photon polarization detection. A quarter-wave retardation plate transformed the circular polarization of scattered photons into linear. The abscissa is the angle of the half-wave
retardation plate, which is subsequently rotating the photon polarization direction with respect to that of
the PBS. The ordinate is the probability of detecting photons on one port of the PBS when the spin is
initialized to (A) the jx%〉 (solid red circles) or j−x%〉 (solid black circles) states or (B) the jTY〉 states. (C and D)
The surfaces representing all post-scattering states in which right or left circularly polarized photons were
detected, respectively.
www.sciencemag.org
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measured will change accordingly. Therefore, under continuous photon scattering from a linearly
polarized beam, and without post-selection of a
well-defined photon scattering direction, all resulting measurement directions will average to result
in complete spin depolarization. An unpolarized
excitation laser would have a similar effect.
We performed spin quantum process tomography (QPT) of post-selected events in which a
single photon was detected. Typically, QPT is
performed in a frame of reference that is rotating
together with the spin. In this work, however,
spin evolution due to photon scattering is determined by directions in the lab frame of reference.
To faithfully perform QPT in the lab frame, we
perform it stroboscopically with the spin Larmor
precession. To this end, rather than analyzing all
recorded events we limited our analysis to events
that occurred within a 2p/32-radian phase interval
of our local oscillator. The direction of the spin at
the moment of scattering, in these events, was
spread over an angular span that equals this phase
interval. Choosing other phase intervals of similar width yield identical results (17). We found
that the process matrix is mostly composed of
nearly equal contributions of projections on the
jþ x% 〉 and j−x% 〉 states, which is in agreement with
Eq. 1. This is seen in Fig. 2A, in which the absolute value of the entries of the reconstructed
process matrix is displayed. It is written by
using the basis elements jx% 〉〈x% j ¼ ðI þ sx Þ=2,
j−x% 〉〈−x% j ¼ ðI − sx Þ=2 (projections on thejTx% 〉
states), −isy, and sz. The collapse of the spin
wave function is best depicted in the Bloch
sphere geometric representation. Each point on
the surface of the Bloch sphere represents a pure
state, whereas mixed states are represented as
points within the sphere volume (19). After photon scattering, all prescattering pure states, represented by the Bloch sphere surface, are mapped
onto a different surface, which is contained within
the sphere. The reconstructed process matrix can
be used to calculate the surface onto all pure spin
state are mapped (Fig. 2, B and C). An elongated
ellipsoid clearly marks the emergence of a spin
measurement basis. We chose the direction along
which the pointer basis emerges to be the x% axis,
thus coinciding this coordinate system with the lab
coordinate system (Fig. 1). The 1:11 aspect ratio
between the spheroid length along the emergent
basis and its radial size is dictated by the finite
local oscillator phase interval in our data, the finite
numerical aperture of our photon collection lens,
and quantum projection noise (17). The von
Neumann entropy S(r) = −Tr[rln(r)] of all postscattering states is shown in the color map in Fig.
2D. This is also the increase in entropy due to
photon scattering. Spin states along the x% direction indeed experience the minimal increase in
entropy, which is in accordance with the predictability sieve criteria in decoherence theory (1).
Other states, on the other hand, acquire entropy,
demonstrating that without any knowledge of the
scattered photon, the process of photon scattering
is in general irreversible.
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In order to prove that the jTx% 〉 states on the
poles of the emerging ellipsoid are a measurement basis, we analyzed the polarization of photons that were scattered by different initial spin
states. According to Eq. 1, the jTx% 〉 states scatter
photons with a pure circular polarization,
whereas other initial spin states become entangled with the photon polarization. The latter case
leads to a statistical mixture of photon polarization measurement outcomes. The results of our
photon polarization measurements are shown
in Fig. 3. Here, we aligned a quarter-wave retardation plate so that it transformed the jET 〉 states
to an orthogonal linear basis. A proceeding halfwave plate rotated this linear polarization with
respect to the basis of a polarization beam splitter
(PBS). The probability of photon detection on a
given port of the PBS versus the half-wave plate
rotation angle is shown in Fig. 3A. Here, the
spin is initialized to the jx% 〉 (solid red circles) or
j−x% 〉 (solid black circles) states. As expected
from a pure polarization state, this probability
sinusoidally oscillates as the polarization is rotated. The blue and magenta solid lines are a sinusoidal fit to our data. Furthermore, whenever
the two wave plates transform the emitted cir-

cular polarization to match the PBS basis, a clear
correlation between the measured polarization
and the initial spin state is observed. Similar data
with the spin initialized to the jTy% 〉 states is shown
in Fig. 3B. As expected from a fully mixed polarization state, the photon detection probability
on a given PBS port is independent of polarization rotation indicating a lack of classical correlation between the photon polarization state
and the initial spin state. Alternatively, we performed spin QPT conditioned on the detection
of right or left circularly polarized photons. The
surfaces onto which all pure states are mapped
are shown in Fig. 3, C (right-circular) and D (leftcircular). Indeed, conditioned on the detection
of a right circularly polarized photon, all initial
states collapsed to the jx% 〉 state, and conditioned
on the detection of a left circularly polarized
photon, all initial states collapsed to the j−x% 〉 state.
Starting with an initial spin state other than
jT x% 〉, we have seen that both the spin state and
the photon polarization state decohere into statistical mixtures. This decoherence is the result
of spin-photon entanglement. To observe this entanglement, we preformed quantum state tomography of the combined spin-photon state.

Fig. 4. (A to F) State tomography of spin-photon
states. Shown are six reconstructed spin-photon
density matrices. The different density matrices
represent post-scattering states in which the spin
was initialized in different initial direction. The
different spin initial states are (A) jz%〉, (B) j−x%〉, (C) jy%〉, (D) j−z%〉, (E) jx%〉, and (F)
j−y%〉. The density matrices are written in the basis of the product states
jTx%〉⊗jET 〉. The solid bars are absolute values of entries of the reconstructed
density matrices, whereas the transparent bars correspond to the values
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The reconstructed spin-photon density matrices
for six different initial spin states are presented
in Fig. 4, A to F: jT z% 〉, jTx% 〉, and jT y% 〉. We plotted
the density matrices using the jTx% 〉 and jET 〉
states as a basis. As seen, whenever the spin
was initialized along Tx% the resulting spinphoton density matrices represent approximately separable states. Alternatively, spin states
that were initially oriented along the Ty% or Tz%
directions resulted in highly entangled states.
We quantified the amount of atom-photon entanglement using the concurrence entanglement
monotone, C(r) (20). All atom-photon final
density matrices were evaluated by means of
linear combinations of the six reconstructed
density matrices. A color map of the calculated
concurrence values plotted on the Bloch sphere
of initial spin states is presented in Fig. 4G. The
minimum entanglement (C < 0.03) is along the
x% direction, whereas the maximally entangled
states (C ≅ 0.7) are along the sphere circumference in the y% z% plane, which is consistent with
the observed entropy increase shown in Fig. 2D.
We have shown that the back action of the
observation of the atomic spin with light aligned
it with our observation direction. States that were

predicted with Eq. 1. The phases of the different entries are represented by
different colors below the bars and according to the color map on the right. (G)
A color map of the measured concurrence of every post-scattering spin-photon
state. The map is plotted on the Bloch sphere of all initial pure spin directions.
SCIENCE
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initially aligned with this direction emitted pure
circularly polarized photons and remained invariant under scattering. Their superpositions, on
the other hand, became entangled with the scattered photon polarization. States that are invariant
under coupling to the environment are of interest,
not only because of their importance in the quantum measurement process but also because of
their potential use for quantum control purposes.
Invariant states can span decoherence-free subspaces in which quantum information can be
protected (21). It would be therefore interesting
to search for multi-spin states that are invariant
under photon scattering, and detection, by using
larger arrays of trapped ions.
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A Transforming Metal Nanocomposite
with Large Elastic Strain, Low
Modulus, and High Strength
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Freestanding nanowires have ultrahigh elastic strain limits (4 to 7%) and yield strengths,
but exploiting their intrinsic mechanical properties in bulk composites has proven to be difficult.
We exploited the intrinsic mechanical properties of nanowires in a phase-transforming matrix
based on the concept of elastic and transformation strain matching. By engineering the microstructure
and residual stress to couple the true elasticity of Nb nanowires with the pseudoelasticity of a NiTi
shape-memory alloy, we developed an in situ composite that possesses a large quasi-linear
elastic strain of over 6%, a low Young’s modulus of ~28 gigapascals, and a high yield strength of
~1.65 gigapascals. Our elastic strain-matching approach allows the exceptional mechanical properties
of nanowires to be exploited in bulk materials.
t is challenging to develop bulk materials that
exhibit a large elastic strain, a low Young’s
modulus, and a high strength because of the
intrinsic trade-off relationships among these properties (1, 2). A low Young’s modulus in a singlephase material usually means weak interatomic
bonding and thus low strength. Because of the
initiation of dislocation activity and/or early failure caused by structural flaws, the elastic strain
of bulk metals is usually limited to less than 1%.
Because freestanding nanowires have ultrahigh
elastic strain limits (4 to 7%) and yield strengths
(3–9), it is expected that composites made with
nanowires will have exceptional mechanical properties. However, the results obtained so far have
been disappointing (10), primarily because the intrinsic mechanical properties of nanowires have
not been successfully exploited in bulk composites
(10–12). A typical example is the Nb nanowire–
Cu matrix composite, in which the nanowires are

I

well dispersed and well aligned, with strong interfacial bonding. The elastic strain limit achieved
in the Nb nanowires in this type of composite is
only ~1.5% (13, 14), far below what may be expected of freestanding nanowires (3–9).
To optimize the retention of nanowire properties in a composite, we hypothesize that the
matrix should not deform via sharp microscopic
defects such as cracks or dislocations but rather
should be rubbery or gluelike, which suggests
the use of a shape-memory alloy (SMA) as the
matrix. There are two main differences between
an SMA matrix and a conventional, plastically deforming metal matrix. First, macroscopically, SMA
supports a large pseudoelastic strain of ~7% by
stress-induced martensitic transformation (SIMT)
(15, 16), which is a strain magnitude comparable
to nanowire elasticity (3–9). Use of an SMA as
the matrix allows one to match the high pseudoelasticity of the SMA with the high elasticity of
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nanowires, as illustrated in Fig. 1A. Second, SIMT
and dislocation slip are fundamentally different
processes at the atomic scale. Whereas the inelastic
shear strain between two adjacent atomic planes
approaches 100% after dislocation slip (17), the
atomic-level inelastic or transformation strain is
~10% after SIMT in typical SMAs such as NiTi
(16). Therefore, inelastic strain incompatibilities
(which must be compensated for by the elastic
strain field to maintain cohesion) are much milder
at the SMA-nanowire interface than at typical
dislocation–piled-up interfaces.
To verify this hypothesis, we selected Nb
nanowires to be combined with a NiTi SMA.
The NiTi-Nb system with ~20 atomic % Nb undergoes eutectic solidification into a microstructure consisting of fine Nb lamellae (18), which
can be converted into Nb nanowires through severe plastic deformation. In this study, an ingot
with a composition of Ni41Ti39Nb20 (atomic %)
was prepared by means of vacuum induction
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