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We report experimental implementation of a protocol for testing the Leggett-Garg inequality (LGI) for
nuclear spins precessing in an external magnetic field. The implementation involves certain controlled
operations, performed in parallel on pairs of spin-1/2 nuclei (target and probe) from molecules of a
nuclear magnetic resonance ensemble, which enable evaluation of temporal correlations from an LG
string. Our experiment demonstrates violation of the LGI for time intervals between successive mea-
surements, over which the effects of relaxation on the quantum state of target spin are negligible. Further,
it is observed that the temporal correlations decay, and the same target spin appears to display macro-

realistic behavior consistent with LGI.
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Distinguishing quantum from classical behavior has
been an important issue since the development of quantum
theory [1-5]. This issue is also at the heart of physical
realizations of quantum information processing (QIP) [6].
Experimental tests for confirming quantumness in physical
systems are usually guided by the Bell-type inequalities [2]
and the Leggett-Garg inequality (LGI) [4]. Bell-type in-
equalities place bounds on certain combinations of corre-
lation coefficients corresponding to measurement
outcomes for spacelike separated systems which are as-
sumed unable to influence one another (local realism).
LGI, on the other hand, places bounds on combinations
of temporal correlation coefficients between successive
measurement outcomes for a system. Here, the system at
any instant of time is assumed to be in one or the other of
many possible states, and each measurement is assumed to
be perfectly noninvasive, in the sense that it has no effect
on the system’s subsequent dynamics (macrorealism). In
other words, violation of LGI indicates that the system’s
dynamics cannot be understood in classical terms. In recent
years, various protocols for implementing LGI and its
refined versions have been proposed and experimentally
demonstrated [7].

In this Letter, we describe for the first time the imple-
mentation of LGI protocol for individual spin-1/2 nuclei
[from a liquid nuclear magnetic resonance (NMR) sample]
precessing in a magnetic field and interacting with their
local environments. A typical spin-1/2 system is genuinely
“microscopic” and exhibits quantum behavior. However,
it is well-known that, due to decoherence, microscopic
quantum systems appear to behave classically and as a
consequence QIP tasks relying on such candidate systems
tend to fail [8]. Nuclear spins from an NMR sample are
examples of microscopic quantum systems that are in
constant interaction with their local environment and are
also candidate systems for QIP tasks. The interactions such
as dipole-dipole and chemical-shift anisotropy are known
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to be leading to decoherence, dissipation, and relaxation
processes within the spin ensemble [9]. In experimental
setups such as NMR, successful QIP implementation there-
fore demands confirmation of the *““survival” of and deter-
mination of the “durability” of quantumness in candidate
systems. While an LGI test was originally proposed for
addressing the fundamental question about the ability of a
macroscopic system to behave quantum mechanically,
considering its basic mathematical framework, we extend
such a test to investigate the survival and durability of
quantumness within individual nuclear spins interacting
with their environments. The investigation also sheds light
on the possible consistency of the assumptions of macro-
realism with the ‘““decoherence perspective” [10].

Although individual nuclear spins from an NMR sample
are not directly addressable, the sample provides an easily
accessible ensemble of nuclear spins from a large number
of molecules. Therefore, the experimental evaluation of a
particular temporal correlation involves simultaneous im-
plementations of the LGI protocol on a large number of
nuclei (identical “targets’’). Further, an NMR readout is an
“ensemble average” obtained in terms of magnetization
signal. One thus needs to relate the required temporal
correlation from an LG string with the NMR signal. A
quantum network for encoding correlation between mea-
surement outcomes of a target system in the phase of a
probe system has recently been proposed by Moussa et al.
[11]. With this network, they were able to demonstrate
quantum contextuality using nuclear spins from a solid
state NMR sample. In this Letter, we exploit this network
for testing LGI.

We report results for values of LG strings containing
three and four temporal correlations as functions of delay
between successive measurements. We have found good
agreement between the quantum mechanically expected
and experimentally observed values of the strings for short
time scales over which the decay in correlations due to
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typical NMR relaxation processes is ineffective. Further, to
demonstrate the effect of decoherence on the state of
individual target nuclei which leads to relaxation of the
entire ensemble, we have also measured the values of LG
strings over longer time scales and found that the LG
strings gradually decay and ultimately fall within the clas-
sical bounds.

Leggett-Garg inequality.—Consider a system (the tar-
get) whose state evolution in time is governed by a par-
ticular Hamiltonian. To perform an LGI test for the system,
a particular system observable (say, Q) that can be taken
as ‘“‘dichotomic,” i.e., having two possible states with
measurement outcomes Q = =1, requires to be identified.
Next, from a set of »n measurement instants
{t;, 15, 13, ..., t,}, pairs of instants 7; and ¢;, such that j =
i + 1, and a pair containing the first (i = 1) and the last
(j = n) instants are to be chosen. For each such pair, one is
then required to perform measurements of @ on the target
system at the corresponding two instants and obtain out-
comes Q(#;) and Q(t;). After repeating these two-time
measurements over a large number of trials (say, N), one
can obtain the two-time correlation coefficient (TTCC) C;;
for each pair given by the formula

1 N
G = N Zl 0,(t;) - Q,(¢)), (1)

where r is the trial number. Finally, the values of these
coefficients are to be substituted in the n-measurement LG
string given by

Kn:C12+C23+C34+"'+C(nfl)n_cln' (2)

Each coefficient from the right-hand side of the above LG
string would have a maximum value of +1 corresponding
to perfect correlation, a minimum value of —1 correspond-
ing to perfect anticorrelation, and O for no correlation.
Thus, the upper bound for K,, consistent with macrorealism
comes out to be (n — 2); the lower bound is —n for odd n
and —(n — 2) for even n. With these considerations, the
LGIreads —n = K, = (n — 2) forodd n and —(n — 2) =
K, = (n — 2) for even n. For example, —3 =< K5 = 1 and

Spin-1/2 precession.—The Zeeman Hamiltonian for the
precession of a spin-1/2 nucleus in a magnetic field about
the z axis is given by H = %w&z, with w being the angular
precession frequency and &, the Pauli z operator. For the
present Letter, we choose the Pauli x operator, i.e., &, as
the dichotomic observable [12]. The quantum mechanical
expression of C;; for &, measurements on the nucleus is
given by [10]

Cij = (0,(1)5(1;)) = cos{w(t; — 1)} 3)

In Heisenberg representation, one can obtain this relation
by using the definition [13]

Cy = 5 SLH0)50)10.) @

Here, |k). € {|0), |1)} is an eigenstate of the Pauli z opera-
tor. If we divide the total duration from #; to ¢, into (n — 1)
equal intervals of duration Af, we can express the LG
string consistent with Eq. (3) as

K, = (n — 1)cos{wAt} — cos{(n — DwAt}. (5

The protocols for evaluating K5 and K, are illustrated in
Fig. 1. It can be seen that the quantum bounds for K3 and
K, are [—3, +1.5] and [—2\/5, +2\/§], respectively.

Evaluating TTCCs using the network proposed by
Moussa et al.—Suppose that we wish to evaluate correla-
tions between the outcomes of repeated measurements of
two commuting dichotomic unitary observables S; and S,
for a target system (7). Consider an ancilla qubit (called
“probe” P) and a unitary transformation for the joint
system T + P,

Us=1p® (Py)r +(6,)p® (P ). (6)

Here, P, and P_ are the projectors onto the eigenspace of
S €{S,,S,}, such that S = (P,); — (P_);.

Using Eq. (6), it can be shown that the ensemble mea-
surement of the probe gives correlation between succes-
sively measured commuting observables of the target. For
evaluating TTCCs from an LG string, the observable set for
the target qubit is {5,(#;), 6,(¢;)} and the corresponding
unitaries to be applied to the joint (P + T) system at differ-
ent time instants 7; < t; are

U 1) = 1p®P(1) + (6)p® P_(1,).  (T)

Here, ,(t,) = P, (t,) — P_(t,) and ¢ = i, j for time in-
stants #; and ;. The quantum network for implementing
these unitaries is shown in Fig. 2(a).

Let the target qubit 7 be initially prepared according to
p. If the probe qubit P is initially in one of the eigenstates
of the ¢, operator, say, |+) = (|0) + |1))/~/2, the density
matrix of the joint system is given by

(P)psr = (IHX+Dp ® (p)7 3

Because of the application of the unitaries (7), the joint
density matrix evolves according to

@ ~A—A——c, () AA——Cu
— A A A

‘ t

t1 t2 t3 t4

FIG. 1 (color online). The protocols for evaluating
(@) K3 =Cpp+Cyp3—Cizand (b) K4, =Cpp+Cp3+C34—Cy.
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FIG. 2 (color online). Quantum network for the evaluation of
(a) TTCCs and (b) the corresponding NMR pulse sequence. The
ensemble was initially prepared according to (p)p ® (p)r, where
(p)p = (1 — €p)1/2 + €p|+X+| and (p)r = (1 —€p)1/2 +
er|+)X+|. Here, €p/r 1s a dimensionless quantity which repre-
sents the purity of the initial states [13].

(p)p+r — U1}, 1)(p)p+rUT(1;, t;)=pir, (9

where U(t;, ;) = U (t,)U; (t;). In terms of the evolved
joint density matrix, the probabilities of obtaining *1
outcomes for the Pauli x measurements on the probe are
given by

p(x1) = trpir[(P)prr{lEXEDp @ 17} (10)

By tracing over the probe states and using Egs. (7)-(9) in
Eq. (10), one obtains

p(x1) = try[{P ()P~ (t;) + P_(t;)P=(t)}p)r). (11)

The ensemble average of the measurement outcome of the
joint (P + T) observable is given by

((6,)p ® 1) = +p(+1) = p(=1). (12)
Substitution of the results (11) into Eq. (12) gives

((6)p ® 17) = try[6,(1)) (1)) (p)7]
= <5'x(fi)5'x(fj)> = Cj;. (13)

Comparing Egs. (3) and (13), it is clear that each TTCC in
an LG string can be evaluated by applying unitaries (7) to
the joint (probe + target) system followed by an ensemble
measurement of the Pauli x operator on the probe.
Experiment.—The NMR sample consisted of 2 mg of
13C labeled chloroform (}*CHCl,) dissolved in 0.7 ml of
deuterated dimethyl sulphoxide. To implement the proto-
col described above, the spin-1/2 nuclei of '3C and 'H
atoms are treated as the target spin and the probe spin,
respectively. All the experiments are carried out on a
Bruker 500 MHz spectrometer at an ambient temperature
of 300 K. The carbon rf offset was chosen such that the
13C spin precesses at an angular frequency of w =
27 X 100 rad/s under the effective longitudinal field in
the rotating frame of the rf. The proton rf offset was chosen
at the resonance frequency of the 'H spin. The indirect
spin-spin coupling constant (J) for these two spins is
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FIG. 3 (color online). Correlations versus Az: (a) Cy,, (b) Cys,
and (¢) C;3. K5 is plotted for the ranges (d) wAt € [0, 477]
and (e) wAt € [0,607]. Continuous lines are theoretical fits
(K5 with decay) to the experimental data points (crosses).

217.6 Hz. The spin-lattice (7)) and spin-spin (7,) relaxa-
tion time constants for the ' H spin are, respectively, 4.1 and
4.0 s. The corresponding time constants for '*C are 5.5
and 0.8 s.

The NMR pulse sequence for evaluating TTCCs is
described in Fig. 2(b). Initial 90° y pulses on both probe
and target prepare them in &, states. All the spin manipu-
lations, including the C-NOT gates corresponding to the U
operation, are realized by specially designed strongly
modulated pulses [14] having Hilbert-Schmidt fidelity of
over 0.995. These rf pulses are designed to be robust
against the rf field inhomogeneity in the range of 90% to
110% and static field inhomogeneity in the range of —5 Hz
to +5 Hz. The evolution of J coupling during the intervals
between the measurements is refocused using 7 pulses on
the 'H spin. Collective transverse magnetization of the
probe spins induces an observable electromotive force on
a resonant Helmholtz-type coil which is amplified, digi-
tized, and stored as the probe signal. Quadrature detection
of the probe signal enables us to measure the x component
of the probe magnetization as the real part of the complex
signal. After the Fourier transform, the probe signal is
fitted to a mixed Lorentzian line shape to extract the
absorptive content. A reference signal was obtained by
an identical experiment with Az = (0. The correlation
C;;j(At) was measured at each value of Az by normalizing
the real part of the probe signal with the reference signal.
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FIG. 4 (color online). The individual correlations C,, C»s,
Csy, and Cy, are plotted in (a)—(d), and K} is plotted in (e).

The three-measurement LG string K3 = Cp+
Cy3 — Cy3 was evaluated for wAr varying from O to 607,
with At incremented from 0 to 300 ms in 360 equal steps.
The results of the experiment are shown in Fig. 3. The
maximum random errors in these experiments were found
to be about £0.005. It is clearly seen that the experimental
K5 data points violate the classical limit and hence macro-
realism. Figure 3(e) shows the K3 plot for an extended
duration consisting of 30 periods. It can be observed that
the experimental values of K5 gradually decay at a time
constant of about 288 ms predominantly due to 7} and 7,
relaxations and due to inhomogeneities in the magnetic
field, thus eventually falling within the classical limit for
wAt> 267 ( = 42 ms).

Similarly, the four-measurement LG string K, was mea-
sured for wA¢ varying from 0 to 167 (i.e., for 8 periods),
with At varying from 0 to 80 ms. The results of the experi-
ment are shown in Fig. 4. Unlike the three-measurement
case, where the classical and quantum mechanical lower
limits for K5 values match (i.e., —3), the four-measurement
case displays violation of the classical limit both in the
positive as well as in the negative sides. Similar to the
previous case, we observe an exponential decay of K,
with a time constant of about 324 ms. Decay of LG strings
is faster than the measured 7, values of either spin mainly
because 7,’s have been measured using Carr-Purcell-
Meiboom-Gill sequences which suppress the effects of
static field inhomogeneity and local fluctuating fields.

Conclusion.—The present investigation of LGI employs
an ensemble of nuclear spins and alleviates the need for

repeated experiments on single isolated systems [11].
Simultaneous implementation of controlled operations on
target-probe pairs enables evaluation of TTCCs and hence
plotting of LG strings as functions of two-time measure-
ment delays. The plots exhibit both violation and satisfac-
tion of LGI, respectively, for delays shorter than and
comparable to the relaxation time scales. Although a de-
tailed theoretical explanation of our results goes beyond
the scope of the present Letter, we qualitatively interpret
them as follows: For time scales, over which environmen-
tal effects on spin states are negligible, individual target
spins can be taken as isolated quantum systems. The plots
do reflect this fact in terms of violation of LGI. However,
the spin-environment interaction tends to destroy the phase
relationship characterizing the superposition of quantum
states of the target nuclear spin. As a result, each member
from the ensemble, with its respective environment traced
out, begins to appear as if preexisting in either one of the
two states (of a spin observable chosen for performing
measurements, which is Pauli x in the present Letter) but
not in their superposition. Such a gradual transition from
quantum to macrorealistic behavior of individual micro-
scopic systems manifests itself in terms of decay of
TTCCs. This ultimately leads to the satisfaction of LGI.
Our experimental results thus not only demonstrate initial
macrorealism-violating dynamics in genuine microscopic
systems such as individual nuclear spins, but also bring
forward their environment-induced emergent macrorealis-
tic behavior, captured in terms of satisfaction of LGI and
consistent with the decoherence mechanism.
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Note added in proof.—After submission of this paper,
violation of LGI for the three-measurement case has been
reported by Souza et al. [15]
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