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Experimental Investigation of Quantum Correlations in a Two-Qutrit Spin System
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We report an experimental investigation of quantum correlations in a two-qutrit spin system in a single

nitrogen-vacancy center in diamond at room temperatures. Quantum entanglement between two qutrits was

observed at room temperature, and the existence of nonclassical correlations beyond entanglement in the
qutrit case has been revealed. Our work demonstrates the potential of the NV centers as the multiqutrit
system to execute quantum information tasks and provides a powerful experimental platform for studying
the fundamental physics of high-dimensional quantum systems in the future.
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Quantum correlation sheds light on the most fundamen-
tal trait that distinguishes a quantum correlated system from
one fully ascribed to a joint classical probability distribu-
tion and may reveal the origin of the quantum enhancement
in various quantum information tasks [1-4]. Quantum
entanglement as a prolonged description of quantum
correlation [5], however, has been found to be unable to
account for all quantum correlations, leading to the
introduction of quantum discord [6,7]. Quantum discord
can describe nonclassical correlations even in separable
states and may contribute to the quantum enhancement
when these states are applied to quantum information
processing (QIP) [8—10]. In the last few decades, quantum
discord has been studied intensively, but experimental
investigations have been limited to qubit systems [11-24].
Recently, researches on d-level (d > 2) systems, hereafter
referred to as qudits, are emerging [25-27]. Quantum
information processing with qudits may offer higher-
dimensional Hilbert space, which results in higher effi-
ciency and flexibility in quantum computing [28,29], larger
channel capacity and better noise tolerance in quantum
communication [30,31], and relaxed constraints in funda-
mental tests of the nature [32]. Currently, the experimental
studies of quantum correlations in qudit systems have been
focused on quantum entanglement [33-37] and quantum
steering [38—40]. Quantum discord, a more general descrip-
tion of the quantum correlation, remains untouched exper-
imentally in qutrit systems.

In this paper, we report an experimental investigation
of quantum correlations in a two-qutrit system. The
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nitrogen-vacancy (NV) center, which has a spin-1 electron
spin with the complement of a spin-1 nuclear spin of the
4N [41], was utilized as a two-qutrit system to study the
high-dimensional quantum correlations. The quantum
correlations of two-qutrit isotropic states (also known
as qutrit Werner states [42]), which are crucial in the
research of quantum correlation [5,42-44], were prepared
and measured here. The features of quantum discord
and quantum entanglement with different values of the
state parameter are revealed. It is verified that there is a
threshold under which the quantum entanglement van-
ishes while the quantum discord remains. Such a threshold
differs from the one in the case of a two-qubit system
[42-45].

The total correlation of a bipartite system p,p quantified
by the quantum mutual information [6,7] is defined as

I(pag) = S(pa) + S(pg) — S(Pas)- (1)

where p, (pp) is the reduced density matrix of particle
A(B), and S(p) = —Tr[plog,p] is the von Neumann
entropy of density matrix p. Both classical and quantum
correlations are included in I(p,p). The classical correla-
tion, which depends on the maximum information
gained by measuring one particle of the total system, is
defined as

Cloaa) = sy |Slow) = S a,S0h)|.
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where g; = Tr[Bp4 BB'J}-'] is the probability of obtaining result
J when performing positive operator-valued measure (POVM)
{B;Bj} on subsystem B, and p’y = Trp [ijABBj-]/qj is the
state of subsystem A after obtaining outcome j. Therefore, the

difference between the total correlation and the classical
correlation given by

D(pag) = I(pag) — C(pag) 3)

is quantum correlation, which is termed quantum discord.
We focus on a family of qutrit states referred to as
isotropic states, which have the form [43]

(1-p)
9

Piso = I ®L + ply) (vl (4)
where |w) = (|+1,+1) +10,0) + |=1,-1))/v/3 is the
maximally entangled state, p € [0,1], and I, denotes
the identity operator in n-dimensional Hilbert space.
Physically, an isotropic state can be regarded as a mixture
of the maximally mixed state Iy/9 and the maximally
entangled state |w)(y| with parameter p determining the
components. Theoretically, there is a threshold p, under
which the states are separable and otherwise entangled. The
threshold varies with the dimension of the isotropic states
and p. = 1/4 for qutrits [43,44]. However, the quantum
discord remains nonvanishing for all nonzero p. Thus, the
isotropic states are a representative example of quantum
states with zero entanglement nevertheless exhibiting non-
zero quantum correlations.

A single negatively charged NV center in [100] face bulk
diamond was utilized to investigate the quantum discord
and quantum entanglement of a two-qutrit system. The
diamond was isotopically purified (['?C =99.9%]) to
enhance the dephasing time of the electron spin. The
NV center consists of a substitutional nitrogen atom
adjacent to a carbon vacancy [see Fig. 1(a)]. When an
external magnetic field is applied along the NV symmetry
axis, the Hamiltonian of the NV center can be written as

Hyy =27(DS? + w,S. + QI? + w,I. + AS.1,), (5)

where S_(1,) is the spin operator of the electron (nuclear)
spin, D = 2.87 GHz is the electronic zero-field splitting,
Q = —4.95 MHz is the nuclear quadrupolar interaction
constant, and A = —2.16 MHz is the hyperfine coupling
constant. @, (®,) corresponds to the Zeeman frequency of
the electron (nuclear) spin. This two-qutrit system contains
nine energy levels denoted as |my),|m;),, with mg, m; =
0, +1 representing the states of the electron and nuclear
spins, respectively [see Fig. 1(b)]. For simplicity,
|mg),|m;), is hereafter labeled by |mg, m;). The magnetic
field is set to 500 G, and the NV center is polarized into the
state |0, +1) via applying a 532 nm laser pulse [46]. As
shown in Fig. 1(b), microwave (MW) pulses, labeled by

(b)

|+1), [0}y |=1),
[+1),
—— A —
2w, 1 e 1
l We2 T— Wee
1= T__ We3 1—|-
01e1 l Wes l
[0, l0). . o

C N vacancy

FIG. 1. The two-qutrit system constructed by the NV center.
(a) Schematic atomic structure of the NV center. (b) Ground-state
energy levels of the NV center. The nine different states of the
electron spin and the nuclear spin constitute a two-qutrit system.
The transitions between different electron (nuclear) spin states
can be steered by microwave (radio frequency) pulses, indicated
by purple (red) arrows.

purple arrows, are applied to manipulate the quantum states
of the electron spin of the NV center. For the controlling of
the nuclear spins, radio frequency (RF) pulses, labeled by
red arrows, are utilized.

The Rabi frequency of the electron (nuclear) spin is set
to Quw = 0.2 MHz (Qgrg = 25 kHz), as depicted in
Fig. 2(a). The relaxation times of both the electron spin
and the nuclear spin are measured. For the electron spin, the
longitudinal relaxation time is Ty, = 4 &= 1 ms [Fig. 2(b)]
and the dephasing time is 75, = 18 &= 2 us [Fig. 2(c)]. In
Fig. 2(d), we do not see evident decay of the oscillation
amplitude during the measurement, which indicates that the
dephasing time of the nuclear spin should be much longer
than one millisecond. The overall decreasing background
probability is caused by the depolarization of the electron
spin. The nuclear longitudinal relaxation time 77, is
estimated to be ~100 times 7, according to Ref. [47].
Ty,, Ty,, and T3, are much longer than 77 ,. Thus, the
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FIG. 2. The properties of the two-qutrit system. (a) Rabi
oscillation between different electron (left panel) or nuclear
(right panel) spin states. (b) Longitudinal relaxation time of
the electron spin Ty, starting form the state |0,41). (c),(d)
Dephasing time of the electron spin and the nuclear spin. All
points with error bars are experimental data, and the curves are
the fitting results.
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FIG. 3. Experimental pulse sequence and reconstructed density matrix. (a) Diagram of the pulse sequence, which includes

polarization, state preparation, and tomography. In the procedure of state preparation, selective MW (purple) and RF (red) pulses are
performed to generate the isotropic state p;,(p). Frequencies of these pulses correspond to the transition frequencies between energy
levels shown in Fig. 1(b). The tomography comprises various measurement sequences to read out different elements of the density
matrix (see the Supplemental Material [49] for details). The gray box stands for MW and RF pulses sequences for tomography, which is
explained in detail in the Supplemental Material [49]. (b) Experimental density matrix of the entangled state with p = 0.94. The bars
show the experimental outcomes, while wire grids represent corresponding simulation results. Experimental results fit well with

simulations, and the state fidelity is 96%.

off-diagonal elements representing the coherence of the
electron spin decay much faster than any other elements of
the density matrix. The dephasing of the electron spin was
the main effect we considered when preparing the isotropic
states.

Figure 3(a) shows the diagram of the pulse sequence
for studying the quantum correlations of the isotropic
states. It consists of three parts: polarization, state prepa-
ration, and tomography. The NV center is polarized into the
state |0, +1) via a green laser pulse. The preparation of the
isotropic states contains three steps: (I) Applying four
selective MW or RF pulses followed by a free evolution
time, fy.; = 90 us, to prepare the NV center to a mixed
state. with the form pi(p) = PL, . (p)|+1. +1)(+1,
+1] + Pyo(p)0.0)(0.0] + PL, _(p)|-1. =1){=1. ~1].
(II) Applying six selective MW pulses and waiting the same
waiting time as in step I to manipulate the system to mixed
state pu(p) = 3 —0.01 Pi(p)|i j){i. jl. (I Applying
selective MW and RF pulses to generate the off-diagonal
terms of the isotropic states such that py(p) = piso(p)-
These selective pulses correspond to transitions between
different energy levels displayed in Fig. 1(b). The quantum
state tomography is performed after the state preparation,
and all the nonzero elements of the isotropic states are
measured. A maximum likelihood estimation method is
utilized to reconstruct the density matrix of the final states
[48]. In Fig. 3(b), we show the result of the isotropic state
with p = 0.94 as an example. The experimental results
(colored bars) fit well with the simulation results (wire
grids, with the dephasing noise of the electron spin
considered). More details about the state preparation, the
measurement sequences, and the state reconstruction can be
found in the Supplemental Material [49].

The results of the quantum entanglement and quantum
discord measured in our experiment are displayed
in Fig. 4. The values of the quantum discord defined by
Eq. (3) were obtained from the experimentally recon-
structed density matrices using the approach introduced
in Ref. [51]. The extremization in Eq. (2) should be taken
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FIG. 4. Quantum correlations of the isotropic states, displaying
the experimental results of (a) quantum entanglement and
(b) quantum discord. Points denote experimental data, while
solid lines show the simulation results. The vertical error bars of
the data points were calculated by Monte Carlo simulation with
Gaussian statistics. The abscissas of the data points and their error
bars were obtained by comparing the experimental results with
simulations to find the most likely p for each Monte Carlo run.
Some error bars are smaller than the size of the dots, so they are
not visible. The dashed line corresponds to p = 1/4, which is the
dividing line between the separable state and the entangled state.
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over all possible complete sets of projective measurements
of subsystem B. We obtained the value of the quantum
discord with different measurement bases until it con-
verged. For the isotropic states, the measure of their
entanglement can be given by the negativity, defined as
N(pio) = (IIoZZ]l; = 1)/2. where PT and || - ||, represent
partial transposition and trace norm calculation of the
density matrix, respectively [52]. Details about the calcu-
lation of the quantum discord and the entanglement are
given in the Supplemental Material [49]. Theoretical results
in Fig. 4 were obtained by calculating the quantum
entanglement and the quantum discord of the simulated
states. The experimental results agree well with the
theoretical predictions. In the region 0 < p < 1/4, the
entanglement is zero while the nonzero quantum discord
still exists. This unambiguously means a type of quantum
correlation beyond quantum entanglement had been exper-
imentally observed in a two-qutrit system. When p > 1/4,
the state has nonzero quantum entanglement and quantum
discord that both monotonically increase with p. Our
results show that the qualitative behaviors of the quantum
discord and the entanglement in a two-qutrit system are
similar to those of a two-qubit system. However, a smaller
threshold of the quantum entanglement is observed, as
predicted by theories [44,45].

Discussion.—Quantum correlation is an essential issue
in quantum physics, and recently high-dimensional quan-
tum correlations have aroused tremendous research inter-
est. In this paper, we experimentally studied the quantum
correlations between two qutrits in a single NV center.
Entanglement in the two-qutrit system has been observed at
room temperature, without resorting to cryogenic condi-
tions [36]. In particular, the nonclassical correlations
beyond entanglement in the qutrit case are founded.
These results show that NV centers are a powerful platform
for further investigating the fundamental properties of
high-dimensional quantum correlations, such as the
essence of quantum correlations [2,8,53] and their relation
with quantum superposition and nonlocality [9,10].
Experimentally studying the dynamic behavior of high-
dimensional quantum correlations and observing whether
there exist sudden death [54] or sudden transition [12]
phenomena will also be interesting. Besides this, qutrit
systems possess advantages in QIP [27], and experimental
investigations of key procedures of QIP [55-57] are
necessary. The NV center is a natural high-dimensional
system and has a long coherence time even at room
temperature. However, it has been utilized as qubits in
most studies, which indeed limited its potential. Our work
promotes the NV center as a high-dimensional system to
execute quantum computation and quantum sensing tasks
[25,26,40]. NV qutrit systems may play an important role
in high-dimensional quantum information processing, since
further coupling two NV centers as qutrits on top of qubits
[58-61] is foreseeable, albeit challenging.
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