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The quantum superposition principle states that an entity can exist in two different states 

simultaneously, counter to our ‘classical’ intuition. Is it possible to understand a given system’s 

behaviour without such a concept? A test designed by Leggett and Garg can rule out this 

possibility. The test, originally intended for macroscopic objects, has been implemented in 

various systems. However to date no experiment has employed the ‘ideal negative result’ 

measurements that are required for the most robust test. Here we introduce a general protocol 

for these special measurements using an ancillary system, which acts as a local measuring 

device but which need not be perfectly prepared. We report an experimental realization using 

spin-bearing phosphorus impurities in silicon. The results demonstrate the necessity of a non-

classical picture for this class of microscopic system. Our procedure can be applied to systems 

of any size, whether individually controlled or in a spatial ensemble. 
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A scheme to determine whether we should 
believe that a given (2 state entity) is ever in a 
superposition.

Intended for testing macro-realism.

Measure system at three times, work out the 
correlations, check

...to see if it goes negative.

Leggett, A. J. & Garg, A. 
Quantum mechanics versus macroscopic realism: Is the flux there when nobody looks? 

Phys. Rev. Lett. 54, 857–860 (1985).
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There is a stark contrast between the way we think of the micro-
scopic world (which is well described by quantum physics) 
and the way we experience the everyday macroscopic world 

(which appears to follow altogether more intuitive rules). !ere 
have been a number of proposals for experimental tests which pit 
quantum physics against alternative views of reality: for example 
the theorems of Bell1 and of Kochen and Specker2. Correspond-
ing laboratory tests have been performed and to date support the 
necessity of quantum physics. But even if a quantum description of 
the microscopic world is necessary, we face the equally profound 
question of understanding the relationship between the quantum 
world and our familiar classical experience. Some thinkers, such as  
Penrose, suggest that there are as yet undiscovered physical laws, 
which prevent superposition of ‘macroscopic’ states3. Most physi-
cists would agree that su"ciently large objects (such as the moon) 
must indeed ‘be there’ when nobody looks. !e Leggett–Garg  
inequality4 was developed in order to address this question. !e 
protocol may be applied to systems of arbitrary size, thus theories 
which hold that quantum theory breaks down at some particular 
scale can be experimentally tested.

Limited variants of the Leggett and Garg (LG) test have been 
reported for microscopic objects such as photons5,6 or nuclear 
spins7 and for the larger superconducting ‘transmon’ system8. !e 
approach presented here represents the #rst implementation of 
LG’s powerful ‘ideal negative result’ measurement procedure. We 
describe a general protocol for such measurements, introducing an 
ancillary system9, which acts as a local measuring device. Impor-
tantly we can account for imperfect preparation of the measuring 
device through a quantity, which we call ‘venality’. We #nd that at 
some #nite venality (typically corresponding to a thermal thresh-
old) the LG test becomes possible. Our procedure can be employed 
for any physical system where a suitable ancilla can be adequately 
initialized; it thus provides a test for a system of any size, whether 
addressed as part of a spatial ensemble or controlled individually.

For a given system with two suitably de#ned states, our proto-
col provides the opportunity to invalidate the conjunction of the 
following two beliefs: macrorealism (MR)—the system is always 
in one of its macroscopically distinguishable states; and non-inva-
sive measurability (NIM)—it is possible in principle to determine 
the state of the system without altering its subsequent evolution. A 
quantum physicist will typically reject NIM, but crucially the test 
requires only that the macrorealist accept it10,11. In a test of the 
above assumptions, a compelling argument for the non-invasive-
ness of the measurements should be made in a language accept-
able to a macrorealist. Leggett–Garg inequality violations that have 
been reported with weak measurements5,6,8 employ a measure-
ment procedure which may ultimately fail to convince a macroreal-
ist that the measurements are indeed non-invasive. Proposals for 
experimentally determining the invasiveness of each measurement 
exist12, but we make use of Leggett and Garg’s arguments for the 
non-invasiveness of an ‘ideal negative result’ measurement scheme. 
Other experiments have been performed7,8 that use the assumption 
of ‘stationarity’13–15. !is assumption severely narrows the class of  
macrorealist theories which are put to the test (please see Supple-
mentary Methods); we do not make this assumption and hence  
our method tests a wider class of theories.

We employ a method that equips a two level system with a local 
measuring device: another two-level system9. We refer to the sys-
tem being tested as the ‘primary system’ and the associated meas-
uring device as the ‘ancilla’. We consider how macrorealists might 
approach an imperfectly prepared measuring device, showing that 
even an ‘adversarial’ macrorealist who makes the most extreme 
assumptions about the e$ects of invasive measurements must nev-
ertheless expect certain constraints. Quantum physics predicts that 
under certain conditions such constraints can still be violated. We 
show that although the primary system may be in a totally mixed 

state, the degree to which the ancilla is correctly initialized directly 
a$ects one’s ability to violate the constraint. We implement our pro-
tocol experimentally using an ensemble of nucleus–electron spin 
pairs in phosphorus-doped silicon. !e results comprehensively 
rule out a large range of classical descriptions for this class of system, 
which although microscopic represents an important step towards 
performing rigorous tests on more macroscopic systems.

Results
!ree core experiments. Consider the primary system’s two states 
of interest labelled by  or by  undergoing arbitrary dynamics 
governed by a process labelled U. If the system is probed at distinct 
times with a measurement which distinguishes one state from the 
other (Fig. 1a), the degree to which the state of the system correlates 
with itself at the di$erent times may be quanti#ed. !e two-time 
correlator Kij = Q(ti)Q(tj)  is the expected value of the product of the 
measurement outcome of the observable Q at time ti and at time tj. If 
Q { + 1,  − 1} for ,  respectively, and as the correlator is an average, 
we have  − 1 Kij 1. Calculating this quantity is straightforward: one 
simply measures at ti, waits, and measures again at tj multiplying 
the results together to compute Q(ti)Q(tj). One then averages over 
many instances of the experiment either by repeating it many times, 
or by employing an array of many identical systems, as in a recent 
test of non-contextuality16. Although in a spatial ensemble one has 
no access to individual elements, because of the ancillary nature of 
the measuring qubit (each element of the ensemble is coupled to its 
own), the test may still be performed.

Now consider a family of three experiments, each one beginning 
with a primary system in an identical initial state s and evolving 
under identical conditions governing the dynamics of the state. In 
the #rst experiment measurements are made at t1 and t2 to deter-
mine K12. In the same way the second and third experiments are 
used to determine K23 and K13 (Fig. 1b). We then evaluate the  
‘Leggett–Garg Function’4:  

f K K K12 23 13 1.

Any macrorealist theory according to which the measurements Q 
are non-invasive must predict f  0. !is is true regardless of how the 
theory distributes probability arbitrarily among classical trajectories 
of the primary system (the assumption of ‘induction’ is required, see 
ref.17, Supplementary Methods). In contrast, according to quantum 
physics, f is negative for suitably chosen time evolution operator U.

Ideal negative result measurements. Following Leggett4,17–19, 
we implement measurements of Q which, by exploiting MR, are 
‘extremely natural and plausible’4 candidates for non-invasiveness. 
Imagine a measuring device that is physically incapable of interact-
ing with a system in state , but that will (possibly invasively) detect 
a system in state . Suppose we apply this detector to our system and 
it does not ‘click’; the macrorealist infers the system is in state , and 
was in this state immediately before measurement—but this infor-
mation is obtained without any interaction. Switching to a comple-
mentary measuring device that perceives only the  state allows one 
to obtain the full set of data non-invasively, as long as one always 
abandons all experiments where the detector clicks.

One must acknowledge that it is impossible to ensure that the 
measurement apparatus does not couple to and disturb some other, 
hidden, degrees of freedom. One cannot exclude macrorealist theo-
ries involving interactions between hidden parts of the system and 
detector (which in our case would have to occur even during a null 
measurement event). !is is a general point applying to any LG test: 
one can only address a subclass of macrorealist theories which hold 
that such irremediable hidden degrees of freedom either do not 
exist, or are not relevant.

(1)
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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Figure 1 | Our full implementation of the LG test requires six subexperiments. If the measurements are non-invasive, the outcome statistics of a, a single ideal 
experiment (where all measurements are made in each run) will match those of b, a set of three core experiments (where only two measurements are made in 
each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.
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which prevent superposition of ‘macroscopic’ states3. Most physi-
cists would agree that su"ciently large objects (such as the moon) 
must indeed ‘be there’ when nobody looks. !e Leggett–Garg  
inequality4 was developed in order to address this question. !e 
protocol may be applied to systems of arbitrary size, thus theories 
which hold that quantum theory breaks down at some particular 
scale can be experimentally tested.

Limited variants of the Leggett and Garg (LG) test have been 
reported for microscopic objects such as photons5,6 or nuclear 
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tantly we can account for imperfect preparation of the measuring 
device through a quantity, which we call ‘venality’. We #nd that at 
some #nite venality (typically corresponding to a thermal thresh-
old) the LG test becomes possible. Our procedure can be employed 
for any physical system where a suitable ancilla can be adequately 
initialized; it thus provides a test for a system of any size, whether 
addressed as part of a spatial ensemble or controlled individually.

For a given system with two suitably de#ned states, our proto-
col provides the opportunity to invalidate the conjunction of the 
following two beliefs: macrorealism (MR)—the system is always 
in one of its macroscopically distinguishable states; and non-inva-
sive measurability (NIM)—it is possible in principle to determine 
the state of the system without altering its subsequent evolution. A 
quantum physicist will typically reject NIM, but crucially the test 
requires only that the macrorealist accept it10,11. In a test of the 
above assumptions, a compelling argument for the non-invasive-
ness of the measurements should be made in a language accept-
able to a macrorealist. Leggett–Garg inequality violations that have 
been reported with weak measurements5,6,8 employ a measure-
ment procedure which may ultimately fail to convince a macroreal-
ist that the measurements are indeed non-invasive. Proposals for 
experimentally determining the invasiveness of each measurement 
exist12, but we make use of Leggett and Garg’s arguments for the 
non-invasiveness of an ‘ideal negative result’ measurement scheme. 
Other experiments have been performed7,8 that use the assumption 
of ‘stationarity’13–15. !is assumption severely narrows the class of  
macrorealist theories which are put to the test (please see Supple-
mentary Methods); we do not make this assumption and hence  
our method tests a wider class of theories.

We employ a method that equips a two level system with a local 
measuring device: another two-level system9. We refer to the sys-
tem being tested as the ‘primary system’ and the associated meas-
uring device as the ‘ancilla’. We consider how macrorealists might 
approach an imperfectly prepared measuring device, showing that 
even an ‘adversarial’ macrorealist who makes the most extreme 
assumptions about the e$ects of invasive measurements must nev-
ertheless expect certain constraints. Quantum physics predicts that 
under certain conditions such constraints can still be violated. We 
show that although the primary system may be in a totally mixed 

state, the degree to which the ancilla is correctly initialized directly 
a$ects one’s ability to violate the constraint. We implement our pro-
tocol experimentally using an ensemble of nucleus–electron spin 
pairs in phosphorus-doped silicon. !e results comprehensively 
rule out a large range of classical descriptions for this class of system, 
which although microscopic represents an important step towards 
performing rigorous tests on more macroscopic systems.

Results
!ree core experiments. Consider the primary system’s two states 
of interest labelled by  or by  undergoing arbitrary dynamics 
governed by a process labelled U. If the system is probed at distinct 
times with a measurement which distinguishes one state from the 
other (Fig. 1a), the degree to which the state of the system correlates 
with itself at the di$erent times may be quanti#ed. !e two-time 
correlator Kij = Q(ti)Q(tj)  is the expected value of the product of the 
measurement outcome of the observable Q at time ti and at time tj. If 
Q { + 1,  − 1} for ,  respectively, and as the correlator is an average, 
we have  − 1 Kij 1. Calculating this quantity is straightforward: one 
simply measures at ti, waits, and measures again at tj multiplying 
the results together to compute Q(ti)Q(tj). One then averages over 
many instances of the experiment either by repeating it many times, 
or by employing an array of many identical systems, as in a recent 
test of non-contextuality16. Although in a spatial ensemble one has 
no access to individual elements, because of the ancillary nature of 
the measuring qubit (each element of the ensemble is coupled to its 
own), the test may still be performed.

Now consider a family of three experiments, each one beginning 
with a primary system in an identical initial state s and evolving 
under identical conditions governing the dynamics of the state. In 
the #rst experiment measurements are made at t1 and t2 to deter-
mine K12. In the same way the second and third experiments are 
used to determine K23 and K13 (Fig. 1b). We then evaluate the  
‘Leggett–Garg Function’4:  

f K K K12 23 13 1.

Any macrorealist theory according to which the measurements Q 
are non-invasive must predict f  0. !is is true regardless of how the 
theory distributes probability arbitrarily among classical trajectories 
of the primary system (the assumption of ‘induction’ is required, see 
ref.17, Supplementary Methods). In contrast, according to quantum 
physics, f is negative for suitably chosen time evolution operator U.

Ideal negative result measurements. Following Leggett4,17–19, 
we implement measurements of Q which, by exploiting MR, are 
‘extremely natural and plausible’4 candidates for non-invasiveness. 
Imagine a measuring device that is physically incapable of interact-
ing with a system in state , but that will (possibly invasively) detect 
a system in state . Suppose we apply this detector to our system and 
it does not ‘click’; the macrorealist infers the system is in state , and 
was in this state immediately before measurement—but this infor-
mation is obtained without any interaction. Switching to a comple-
mentary measuring device that perceives only the  state allows one 
to obtain the full set of data non-invasively, as long as one always 
abandons all experiments where the detector clicks.

One must acknowledge that it is impossible to ensure that the 
measurement apparatus does not couple to and disturb some other, 
hidden, degrees of freedom. One cannot exclude macrorealist theo-
ries involving interactions between hidden parts of the system and 
detector (which in our case would have to occur even during a null 
measurement event). !is is a general point applying to any LG test: 
one can only address a subclass of macrorealist theories which hold 
that such irremediable hidden degrees of freedom either do not 
exist, or are not relevant.

(1)

for now pretend those measurements are non-invasive





We, the QM guys, will choose
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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Figure 1 | Our full implementation of the LG test requires six subexperiments. If the measurements are non-invasive, the outcome statistics of a, a single ideal 
experiment (where all measurements are made in each run) will match those of b, a set of three core experiments (where only two measurements are made in 
each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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Figure 1 | Our full implementation of the LG test requires six subexperiments. If the measurements are non-invasive, the outcome statistics of a, a single ideal 
experiment (where all measurements are made in each run) will match those of b, a set of three core experiments (where only two measurements are made in 
each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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to our experimental coupled-spin 1
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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experiment (where all measurements are made in each run) will match those of b, a set of three core experiments (where only two measurements are made in 
each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.
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Problem: macro-realist says: “maybe when 
you measure it, you disturb it, and invalidate 
the experiment”. 
Wants to see that it’s “non-invasive”.

But the quantum physicist knows we can’t do 
that, we can’t help disturbing it.

One answer: weak measurement. But Leggett 
went a different way... remember only the 
realist needs to believe it’s non-invasive.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
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subexperiments.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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subexperiments.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.

(2)

(3)

(4)

(5)

ARTICLE   NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1614

NATURE COMMUNICATIONS | 3:606 | DOI: 10.1038/ncomms1614 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.
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!e use of two detector con"gurations means that the three 
experiments introduced previously are each further resolved into 
a pair of experiments, one for non-invasive measurement of , and 
one for  (Fig. 1c). We utilize either a CNOT gate (which will #ip 
the state of the ancilla if the control, that is, the primary system, 
is in ) or use an anti-CNOT gate (which will #ip the state of the 
ancilla qubit if the primary is in ; Fig. 1), in each case post selecting 
experimental runs where the gate was not triggered (Supplementary 
Methods). !e second, "nal measurement in each experiment need 
not be implemented non-invasively, as the subsequent dynamics 
are irrelevant. Note that it is important that the physical implemen-
tation of the CNOT (and anti-CNOT) operation is such that the  
primary system receives no perturbation when it is in the state  
associated with a null result.

Here we set U i xcos( / ) sin( / )2 2 . As long as the ancilla 
is correctly initialized, the quantum prediction is Kij = cos ( ) inde-
pendent of s and hence  

f 2 2 1cos cos ,

which takes when the value f =  − 0.5 for  = 2 /3, violating the ine-
quality f  0 predicted under MR  NIM. Arguments constraining 
the macrorealist to non-negative values for f also do not depend on 
the primary system’s initial state.

Corrupt ancillas. For any protocol employing a measurement 
ancilla, its initialization is of fundamental importance. A macro-
realist regards an imperfectly prepared primary-ancilla qubit pair 
as a statistical mixture of the four states | , | , | , |  and 
similarly a quantum physicist describes the initial state as a density 
matrix diagonal in the |system |ancilla  basis. According to quantum 

physics, an incorrectly initialized ancilla will give rise to a change 
in the sign of the correlator. To the macrorealist it will give a false 
indication that the measurement had been non-invasive, allowing a 
potentially corrupt element through the post selection. We de"ne 
the venality  as the fraction of the ensemble for which the ancilla is 
incorrectly prepared. Quantum physics predicts that each Kij gener-
alizes to (1 − ) Kij − Kij, leading to  

f ( )( cos cos ) .1 2 2 2 1

We identify two macrorealist attitudes pertaining to the e%ect of 
an invasive measurement. A ‘moderate’ view is that any invasively 
perturbed systems act in a random way, and hence average to pro-
duce zero net correlation. !en Kij (1 − ) Kij and hence with 
g = K12 + K23 + K13 and g   − 1 for a macrorealist,  

f gmoderate ( ) .1 1

Note f is still constrained to be non-negative. An ‘adversarial’ view 
is that invasively perturbed elements will, by some unidenti"ed 
process, act in such a manner as to minimize f. Consequently Kij
(1 − ) Kij −  hence that  

f gadversarial ( ) .1 3 1 2

!is is the most aggressive stance available to a macrorealist.
!e relevant thresholds are plotted in Figure 2, showing that 

minimizing  is crucial for a successful experiment.

s

s

s

s

a

a

s

s

U

U

U

U

U

U

U

U U U U

U U U

U U

Q (t1)

Q (t1)

Q (t1)

Q (t2)

Q (t2)

Q (t2) Q (t3)

4
3

2
3

Q (t3)

Q (t3)

UU

4
3

2
3

Figure 1 | Our full implementation of the LG test requires six subexperiments. If the measurements are non-invasive, the outcome statistics of a, a single ideal 
experiment (where all measurements are made in each run) will match those of b, a set of three core experiments (where only two measurements are made in 
each run). The actual lab implementation for the second of the three core experiments is shown in panel c. Shown in colour are the corresponding pulses applied 
to our experimental coupled-spin 1

2  system. The primary system is driven with radio-frequency pulses (red areas), and the cnot and anti-cnot operations are 
each applied with a single selective microwave frequency pulse (blue areas). The other two core experiments are similarly resolved into a pair of complimentary 
subexperiments.

(2)

(3)

(4)

(5)



ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1614

NATURE COMMUNICATIONS | 3:606 | DOI: 10.1038/ncomms1614 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

Experimental implementation. To demonstrate an experimental 
violation of these inequalities, we consider an ensemble of phos-
phorus donors in silicon, consisting of electron–nuclear spin pairs. 
Here the nuclear spin is the primary system, whereas the electron 
is the measurement ancilla. In the high-!eld limit, the eigenstates 
of this spin 1

2 —spin 1
2  system are precisely the four product spin 

states. In thermal equilibrium, and ignoring the weak polarization 
of the nucleus, these states are populated according to the Boltz-
mann distribution, where the spin states are in the ratio :1 for 

exp( / )g B k TB . Here B = 3.357 T is the magnetic !eld, g is the 
electron spin’s g-factor,  is the Bohr magneton, kB is Boltzmann’s 
constant and T is the temperature. "e electron and nuclear spin 
are coupled through a 117.5 MHz hyper!ne interaction, which 
distinguishes each individual |  : |  transition. "e electronic 
(nuclear) transitions can be individually addressed using selective 
microwave (radio-frequency) pulses. "e unitary nuclear rotation U 
may be performed in a manner which is conditional on the system 

being in the ‘correct’ ancilla state  (as a re!nement of the circuit  
illustrated in Fig. 1c) because the post selected data will always  
correspond to the unitary operation U having been applied. "e  
correlator sequences applied to this system are shown in Figure 3a.  
"e !nal measurement at the end of an individual correlator 
sequence is accomplished through population tomography20.

Inequality violation. We performed two experimental tests with 
results shown in Figure 3b,c. "e !rst used a simple state in ther-
mal equilibrium at 2.6 K with 2 2 2 0 150/( ) . , yielding 
f =  − 0.031. "e second used an established hyperpolarization 
sequence20 from an initial state at 2.7 K. Due to the conditional nature 
of U this technique reduces the venality (please see Supplementary 
Methods) to 2 1 2 0 0562 2/( ) . , yielding f =  − 0.296. In 
the course of our experiments, the !delity of the !nal state popula-
tions with respect to the ideal target was never  < 98.9%. Our analy-
sis has made two assumptions about the measurement process:  
!rst, that any detector imperfections do not conspire to favour  
anti-correlations preferentially. Second, as discussed earlier, that 
our null measurements do not in$uence the correlations through 
some hidden structure of the macrorealist’s state. Our results then 
constitute a falsi!cation of MR  NIM for cold nuclear spins.

Discussion
Our approach relies upon the ‘ideal negative result’ measurements 
originally envisaged by LG; we show that such measurements are 
possible through an ancilla. Recognizing that ancilla preparation 
will always be imperfect, we account for the implications through a 
quantity termed ‘venality’. We show that for su%ciently low venal-
ity even an ‘adversarial’ macrorealist must concede that his view is 
inconsistent with experimental results. Importantly this approach 
allows one to employ either individually controlled systems or a 
spatial ensemble, and it is applicable to systems of any size.

For our chosen experimental system, an ensemble of phospho-
rous impurities in silicon, we were able to reach a low-temperature, 
high-!eld regime where the venality is low enough for our LG test 
to be feasible. "rough the use of high-precision control techniques, 
we were indeed able to obtain a result representing an unequivocal 
violation of the inequality. "e violation of this bound has secured 
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macrorealist models depend on the venality in the experiment. Plots of 
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quantum prediction dips below the macrorealist bound it is in principle 
possible to invalidate the macrorealist stance. Note the critical value of 

 = 0.25 and  = 0.1 above which one cannot exclude macrorealism for the 
moderate and adversarial approaches, respectively.
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damping effects of the tomography pulse sequence).



Use phosphor impurities in silicon, each an 
electron-nuclear spin pair.

IGNORE the fact that the nuclear is hardly 
macro.

Great a beautiful sample (pure) and cool it a 
lot (2.6K), put it in a high field (3.6T), and 
let’s see if we can get that venality down low 
enough.

Let’s try it! (ok ok let’s get someone to try it)
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Experimental implementation. To demonstrate an experimental 
violation of these inequalities, we consider an ensemble of phos-
phorus donors in silicon, consisting of electron–nuclear spin pairs. 
Here the nuclear spin is the primary system, whereas the electron 
is the measurement ancilla. In the high-!eld limit, the eigenstates 
of this spin 1

2 —spin 1
2  system are precisely the four product spin 

states. In thermal equilibrium, and ignoring the weak polarization 
of the nucleus, these states are populated according to the Boltz-
mann distribution, where the spin states are in the ratio :1 for 

exp( / )g B k TB . Here B = 3.357 T is the magnetic !eld, g is the 
electron spin’s g-factor,  is the Bohr magneton, kB is Boltzmann’s 
constant and T is the temperature. "e electron and nuclear spin 
are coupled through a 117.5 MHz hyper!ne interaction, which 
distinguishes each individual |  : |  transition. "e electronic 
(nuclear) transitions can be individually addressed using selective 
microwave (radio-frequency) pulses. "e unitary nuclear rotation U 
may be performed in a manner which is conditional on the system 

being in the ‘correct’ ancilla state  (as a re!nement of the circuit  
illustrated in Fig. 1c) because the post selected data will always  
correspond to the unitary operation U having been applied. "e  
correlator sequences applied to this system are shown in Figure 3a.  
"e !nal measurement at the end of an individual correlator 
sequence is accomplished through population tomography20.

Inequality violation. We performed two experimental tests with 
results shown in Figure 3b,c. "e !rst used a simple state in ther-
mal equilibrium at 2.6 K with 2 2 2 0 150/( ) . , yielding 
f =  − 0.031. "e second used an established hyperpolarization 
sequence20 from an initial state at 2.7 K. Due to the conditional nature 
of U this technique reduces the venality (please see Supplementary 
Methods) to 2 1 2 0 0562 2/( ) . , yielding f =  − 0.296. In 
the course of our experiments, the !delity of the !nal state popula-
tions with respect to the ideal target was never  < 98.9%. Our analy-
sis has made two assumptions about the measurement process:  
!rst, that any detector imperfections do not conspire to favour  
anti-correlations preferentially. Second, as discussed earlier, that 
our null measurements do not in$uence the correlations through 
some hidden structure of the macrorealist’s state. Our results then 
constitute a falsi!cation of MR  NIM for cold nuclear spins.

Discussion
Our approach relies upon the ‘ideal negative result’ measurements 
originally envisaged by LG; we show that such measurements are 
possible through an ancilla. Recognizing that ancilla preparation 
will always be imperfect, we account for the implications through a 
quantity termed ‘venality’. We show that for su%ciently low venal-
ity even an ‘adversarial’ macrorealist must concede that his view is 
inconsistent with experimental results. Importantly this approach 
allows one to employ either individually controlled systems or a 
spatial ensemble, and it is applicable to systems of any size.

For our chosen experimental system, an ensemble of phospho-
rous impurities in silicon, we were able to reach a low-temperature, 
high-!eld regime where the venality is low enough for our LG test 
to be feasible. "rough the use of high-precision control techniques, 
we were indeed able to obtain a result representing an unequivocal 
violation of the inequality. "e violation of this bound has secured 
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damping effects of the tomography pulse sequence).
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Experimental implementation. To demonstrate an experimental 
violation of these inequalities, we consider an ensemble of phos-
phorus donors in silicon, consisting of electron–nuclear spin pairs. 
Here the nuclear spin is the primary system, whereas the electron 
is the measurement ancilla. In the high-!eld limit, the eigenstates 
of this spin 1

2 —spin 1
2  system are precisely the four product spin 

states. In thermal equilibrium, and ignoring the weak polarization 
of the nucleus, these states are populated according to the Boltz-
mann distribution, where the spin states are in the ratio :1 for 

exp( / )g B k TB . Here B = 3.357 T is the magnetic !eld, g is the 
electron spin’s g-factor,  is the Bohr magneton, kB is Boltzmann’s 
constant and T is the temperature. "e electron and nuclear spin 
are coupled through a 117.5 MHz hyper!ne interaction, which 
distinguishes each individual |  : |  transition. "e electronic 
(nuclear) transitions can be individually addressed using selective 
microwave (radio-frequency) pulses. "e unitary nuclear rotation U 
may be performed in a manner which is conditional on the system 

being in the ‘correct’ ancilla state  (as a re!nement of the circuit  
illustrated in Fig. 1c) because the post selected data will always  
correspond to the unitary operation U having been applied. "e  
correlator sequences applied to this system are shown in Figure 3a.  
"e !nal measurement at the end of an individual correlator 
sequence is accomplished through population tomography20.

Inequality violation. We performed two experimental tests with 
results shown in Figure 3b,c. "e !rst used a simple state in ther-
mal equilibrium at 2.6 K with 2 2 2 0 150/( ) . , yielding 
f =  − 0.031. "e second used an established hyperpolarization 
sequence20 from an initial state at 2.7 K. Due to the conditional nature 
of U this technique reduces the venality (please see Supplementary 
Methods) to 2 1 2 0 0562 2/( ) . , yielding f =  − 0.296. In 
the course of our experiments, the !delity of the !nal state popula-
tions with respect to the ideal target was never  < 98.9%. Our analy-
sis has made two assumptions about the measurement process:  
!rst, that any detector imperfections do not conspire to favour  
anti-correlations preferentially. Second, as discussed earlier, that 
our null measurements do not in$uence the correlations through 
some hidden structure of the macrorealist’s state. Our results then 
constitute a falsi!cation of MR  NIM for cold nuclear spins.

Discussion
Our approach relies upon the ‘ideal negative result’ measurements 
originally envisaged by LG; we show that such measurements are 
possible through an ancilla. Recognizing that ancilla preparation 
will always be imperfect, we account for the implications through a 
quantity termed ‘venality’. We show that for su%ciently low venal-
ity even an ‘adversarial’ macrorealist must concede that his view is 
inconsistent with experimental results. Importantly this approach 
allows one to employ either individually controlled systems or a 
spatial ensemble, and it is applicable to systems of any size.

For our chosen experimental system, an ensemble of phospho-
rous impurities in silicon, we were able to reach a low-temperature, 
high-!eld regime where the venality is low enough for our LG test 
to be feasible. "rough the use of high-precision control techniques, 
we were indeed able to obtain a result representing an unequivocal 
violation of the inequality. "e violation of this bound has secured 
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in measurement of the final state, and the grey point and error bars are the result of correcting for known measurement errors (namely the population 
damping effects of the tomography pulse sequence).
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Disjoint topic: Distributed QIP!

I mainly want to talk about DQC-1 and DQC-3



The basic question: 

How should we perform quantum computation 
(and communication) when the entanglement 

operations are very prone to heralded failure, and 
maybe have bad noise too?

How will the failure rate affect error 
accumulation and resource overhead?

Can we find thresholds for fault tolerant QIP as 
a function of both failure rate and error rate?



electron
state “0” state “1”

electron

excited
¶DWRP·

optical

state

One example to have in mind:

Matter qubits entangled via optical emission



Fast switched optical multiplexer

Potentially nice scalability



Let’s first think about handling 
heralded failures.



Brokered graph-state quantum computation, NJP 8, 141 (2006).

a b c

df e

initial state

final state

How about with only one qubit per module?

With 2+ qubits per module, it’s easy to see options



Laser and 
Photon. Rev., 
3, 556 (2009)

Bell pair
reservoir

Lo
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l q
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its

branch 
growth (see (a) )

fuse nodes 
to form bridges
(see (b) )

trim nodes to
form regular
graph state

Logical qubits 
perpetually 
driven to right by 
measurements

(a)

(b)

Easy to tolerate modest heralded failure rates, e.g. 60%



So, efficient universal QIP with 
one 3-level system per node!

But what if photon loss is 
really bad!?

Moehring et al, 
Nature 449, 68 (2007).

Improvement x13: PRL 100, 150404 (2008).
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news & views

When Nicéphore Niépce created 
the !rst photographic images in 
the 1820s, each frame required 

eight hours of exposure. Fi"y years 
later, technology had advanced enough 
for Eadweard Muybridge’s famous 
demonstration that horses become 
‘airborne’ in mid-stride (see Fig. 1). 
Photography had become a tool to 
investigate timescales beyond human 
perception. Numerous devices now depend 
on swi" measurement, but none more 
so than the emerging family of quantum 
technologies. $ese use measurement not 
only to read out, but also to prepare and 
entangle quantum states to create exotic 
new sensors, simulators and computers. 
A certain kind of defect that occurs in 
diamond, the so-called nitrogen–vacancy 
(NV) centre, is endowed with exceptional 
physical properties, making it particularly 
suitable for use in such technologies. 
But there has been a problem: making 
measurements on them takes too long. 
Muybridge’s cameras recorded successive 
images on a timescale that was fast when 
compared with the horse’s motion, but until 
now the devices monitoring NV centres 
have not achieved the same. Reporting 
in Nature, two research teams have now 
demonstrated the ability to take quantum 
‘snapshots’ in rapid succession, thus 
recording the full state of the NV-centre 
complex more rapidly than it evolves1,2.

In diamond, a nitrogen impurity and a 
vacancy — that is, an absent carbon atom — 
bind together and trap an additional 
electron to form the NV centre. It possesses 
an electron spin coupled to one or more 
nuclear spins (certainly one of nitrogen, as 
well as various carbon-13 spins). Having 
a number of nearby nuclear spins with 
well-resolved couplings to the electron 
spin creates a versatile quantum register 
of multiple interacting qubits (although 
the couplings to more distant carbon-13 
spins become unresolved and contribute 
instead to line-broadening). NV centres in 
diamond are particularly exciting because 
it is possible to measure the electron spin of 

a single NV through optical methods3. $is 
method involves crudely exciting the NV 
with an indiscriminate optical pulse, and 
using the fact that the emitted %uorescence 
intensity has some dependence on the 
electron-spin state. Although this highly 
successful technique has underpinned an 
explosion in research into NV centres, it 
requires substantial averaging of many 
experimental runs (or ‘shots’) to determine 
the electron-spin state. Achieving fast, 
high-!delity measurements requires new 
approaches to single-spin measurement 
using NV centres.

$e past few years have seen signi!cant 
advances in understanding the nature of 
the excited state of the NV centre4, laying 
the groundwork for more sophisticated 
optical control. By picking particular NV 
centres with a low strain and working at 
liquid-helium temperatures, it is possible 
to exploit resonant optical techniques to 
selectively excite the centre only when the 
electron spin is in a particular state5. $is 
form of measurement can be made much 
faster and more e&cient than the previous 
technique. $is has now allowed Lucio 

Robledo et al.1 to measure the NV electron 
spin in a single shot for the !rst time. 
With their approach they could, also in a 
single shot, read out the state of up to three 
nuclear spins in the immediate vicinity of 
the NV centre. Emre Togan et al.2 borrowed 
a further technique from the toolbox of 
trapped atoms, exploiting a phenomenon 
known as coherent population trapping6. In 
this method, if the magnetic !eld at the NV 
centre is precisely zero, the energy levels of 
the electron spin possess a symmetry that 
causes them to fall into a ‘dark state’, which 
scatters no photons. $is measurement 
is also fast, providing a glimpse of the 
environment of the NV centre in real time, 
by monitoring the %uctuating magnetic !eld 
created by a bath of more distant carbon-13 
nuclear spins.

High-!delity quantum measurements 
can do more than just probe the state of a 
system; they can also be used to initialize it 
into a given state. Although the result of the 
measurement may be intrinsically random, 
the system could then, in principle, be 
manipulated conditionally on the result 
of this measurement. $is would ensure 

QUANTUM COMPUTING

Snapshots of diamond spins
Defects in diamond crystals possess rare physical properties that can enable new forms of technology. Unlocking 
this potential requires rapid quantum-state measurement, a ‘quantum snapshot’, which has now been achieved.

John J. L. Morton and Simon C. Benjamin

Figure 1 | Today, as in 1877 when Eadweard Muybridge photographed a horse in motion, it is crucial to 
be able to perform measurements that are fast on the timescale of the natural dynamics of an object. 
This is especially important in emerging quantum technologies given the unique power of quantum 
measurement. The nitrogen–vacancy defect in diamond consists of a collection of electron and nuclear 
spins, whose state can now be probed by fast, high-fidelity optical measurement in a single experimental 
snapshot1,2. (Image © Eadweard Muybridge Collection/Kingston Museum/Science Photo Library.)

© 2011 Macmillan Publishers Limited. All rights reserved

NV centres -
still a lot of losses

Two-photon quantum interference from separate nitrogen vacancy centers in diamond

Hannes Bernien,1, ⇤ Lilian Childress,2 Lucio Robledo,1 Matthew Markham,3 Daniel Twitchen,3 and Ronald Hanson1

1Kavli Institute of Nanoscience Delft, Delft University of Technology,
PO Box 5046, 2600 GA Delft, The Netherlands

2Department of Physics and Astronomy, Bates College,
44 Campus Avenue, Lewiston, Maine 04240, USA

3Element Six, Ltd., Kings Ride Park, Ascot, Berkshire SL5 8BP, United Kingdom
(Dated: October 18, 2011)

We report on the observation of quantum interference of the emission from two separate nitro-
gen vacancy (NV) centers in diamond. Taking advantage of optically induced spin polarization in
combination with polarization filtering, we isolate a single transition within the zero-phonon line
of the non-resonantly excited NV centers. The time-resolved two-photon interference contrast of
this filtered emission reaches 66%. Furthermore, we observe quantum interference from dissimilar
NV centers tuned into resonance through the dc Stark e↵ect. These results pave the way towards
measurement-based entanglement between remote NV centers and the realization of quantum net-
works with solid-state spins.

The nitrogen vacancy (NV) center in diamond is an
attractive candidate for construction of quantum net-
works [1–3]. It is a highly stable single photon emitter
[4], whose optical transitions are linked [5] to a long-
lived electronic spin with excellent coherence properties
[6]. The electronic spin can be coherently manipulated
with high fidelity with pulsed microwave fields [7, 8]. By
extending these techniques to proximal nuclear spins, a
controllable multi-qubit quantum register can be realized
[9–11].

Optical schemes based on photon interference provide
a way to establish quantum interactions over a distance.
When two photons that are indistinguishable simultane-
ously impinge on a beamsplitter they coalesce into the
same output port [12]. If these two photons are each
entangled with the spin of the emitter, their interfer-
ence can be exploited to generate entanglement between
two distant emitters [13–15]. This type of measurement-
based entanglement has recently been achieved between
two remote single ions [16]. While spin-photon entangle-
ment has been realized using NV centers [5], two-photon
quantum interference (TPQI) with NV centers has so far
not been observed.

Here we capitalize on recent advances in the un-
derstanding of the NV center’s excited states [17–21]
and a drastic improvement of the photon collection e�-
ciency [11, 22], and demonstrate TPQI from two separate
NV centers. Furthermore, we show that even dissimilar
NV centers can exhibit TPQI when their emission lines
are brought into resonance using dc Stark tuning [21, 23].
This latter technique greatly facilitates a scaling to larger
networks.

We perform our experiments on naturally occurring
NV centers in high purity type IIa chemical-vapor depo-
sition grown diamond [24] with a h111i crystal orienta-
tion. Because a TPQI measurement involves coincidence
detection of photons emitted from two centers, high col-
lection e�ciency is essential. To this end, we determin-

istically fabricate solid immersion lenses (SILs) [22, 25]
around preselected centers by focused ion beam milling.
Figure 1(a) shows an optical microscope image of the
device being used; the inset is an SEM picture of a sim-
ilar device. In the confocal scans (Fig. 1(b)) the NV
centers appear as bright spots inside the lenses. To en-
able spin manipulation and Stark tuning of the optical
transition energies, we lithographically define a gold mi-
crowave stripline and gates around the SILs. A dual path
confocal setup allows us to individually address two NV
centers within the same diamond (Fig. 1(c)). The sam-
ple is mounted inside a flow cryostat and experiments are
performed at a temperature of 9K.

The optical transitions of the NV center (Fig. 2(a))
consist of both direct transitions between the ground and
the excited state (the so-called zero phonon line, ZPL)
and transitions that additionally involve the emission or
absorption of phonons (phonon side band, PSB). At low
temperatures, the ZPL emission spectrum exhibits sev-
eral narrow lines which, for low-strain centers, correspond
to spin selective transitions between the ground and ex-
cited state [17]. Observation of TPQI requires indistin-
guishable photons which we produce by isolating a single
transition within the ZPL. Appropriate bandpass filters
remove the incoherent fraction of the emission (PSB).
Non-resonant excitation, as used in this experiment, po-
larizes the NV electronic spin into the m

s

= 0 state,
hence only transitions between the E

x

and E
y

excited
states (m

s

= 0) and the m
s

= 0 ground state level oc-
cur. The dipoles associated with these two transitions
are orthogonal to each other and to the N-V axis; by
working with NV centers oriented along the h111i di-
rection we ensure that collected ZPL photons remain
linearly polarized, with orthogonal polarizations for E

x

and E
y

[19, 20]. Consequently, for a center that is spin-
polarized into m

s

= 0, we can isolate the E
x

or E
y

emis-
sion line by placing a polarizer in the detection path.
Furthermore, we maximize the signal by using the polar-
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So let’s think about how to do QIP when there 
are bad (e.g. >90%) heralded failures



Target: A large 
cluster state type thing

The plan (& do this with only logarithmic errors):
Make a bunch of “building block” resources:
blobs each with enough qubits that they can 
probably connect to four other blobs

Join them all up (~ one step)

Prune the resulting structure down.



OK so building blocks...
...what kind of blocks?



OK so building blocks...
...what kind of blocks?





Fast switched optical multiplexer

Remember our machine is something like this:

Parallel operations Total connectivity (well...)



Time
step
S

Time
step
S+1

Inside, this is going on:



Time
step
S

Time
step
S+1

Inside, this is going on:

MASSIVE PARALLELISM!







But it merely showed that errors can be kept
to (poly) log rates.

How about actually getting a threshold!

Yuichiro Matsuzaki,
Simon C. Benjamin,

and Joseph Fitzsimons, 
PRL 104, 050501 (2010)

That was:Given the snowball topology depicted in Fig. 3, even in
the worst case, the maximum path length between nodes is
10log2ð1=pSÞ. Recalling that the error probability (from
both ‘‘active’’ and ‘‘passive’’ errors) on individual qubits
within the resource states is characterized by ðpA þ
pPÞlog2ð1=pSÞ, we find that our upper bound on the error
probability on nodes of the target cluster state is propor-
tional to ðpA þ pPÞlog22ð1=pSÞ. This then makes tech-

niques such as purification [16] a practical solution for
negating both unheralded errors and passive decoherence.
This research is supported by EPSRC through the QIP

IRC (www.qipirc.org) and by the National Research
Foundation and Ministry of Education, Singapore.
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FIG. 3 (color online). (a) and (b) depict snowball growth in
Phase II. In (a), a portion of the external nodes of each compo-
nent object is allocated to the role of fusing to a specific partner
object. On success, the new entity contains significantly more
qubits. In (b), panels depict successive steps in growing a snow-
ball that is large enough for subsequent cluster state synthesis
(see text). In step 1, two snowflakes of size 1=p are fused to
obtain an object with 1:55=p qubits; in subsequent steps, the
resultant contains 2:27=p, 3:15=p, and 4:07=p qubits, respec-
tively. (c) Reducing a snowball to a single node of a cluster state.
Only errors along the chosen path will affect the eventual cluster
state; in the lower right figure, errors in the disconnected
structures are irrelevant.
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Then instead of 
this target... ...make this thing.



Will that work?
We need some kind of threshold for 

tolerance of missing edges



...for the simple cluster state 
we had percolation.

What in this case?
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Sean and Tom, Phys. Rev. Lett. 105, 200502 (2010).

...Now we have Barrett/Stace result for missing qubits



Each snowflake
attempts to bond
to four others.

The core node in each
snowflake becomes a 
node of the ultimate
Raussendorf lattice.
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K. Fujii and Y. Tokunaga, 
PRL 105, 250503 (2010).

Y. Li, S. D. Barrett, 
T. M. Stace and S. C. Benjamin,

PRL 105, 250502 (2010)



The message of all that seems to be:

With DQC-1 we can tolerate high 
heralded failures, but only at heavy 

cost in resource overhead.
We can’t do anything about bad 

network noise on ‘successful’ 
entanglement.



How complicated to the nodes have 
to be in order to give us something 

feeling really PRACTICAL?

Answer: DQC-3.



We’ll need to do some kind of 
purification

That seems like it might need 
DQC-4.

But it doesn’t if we remember Earl 
Campbell’s 2007 paper 

(Phys. Rev. A 76 040302)
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Now a puzzle.....

How to use this primitive:

to make this:
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Figure from  arXiv:1204.0443v1 Ying Li and SCB
(DQC-4 line imported from  arXiv:1202.6588v1 Fujii et al)

Regions to lower left of each line are where FT QIP works


