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The unavoidable interaction of a quantum open system with its environment leads to the dissipation of
quantum coherence and correlations, making its dynamical behavior a key role in many quantum
technologies. In this Letter, we demonstrate the engineering of multiple dissipative channels by controlling
the adjacent nuclear spins of a nitrogen-vacancy center in diamond. With a controllable non-Markovian
dynamics of this open system, we observe that the quantum Fisher information flows to and from the
environment using different noisy channels. Our work contributes to the developments of both noisy
quantum metrology and quantum open systems from the viewpoints of metrologically useful entanglement.
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Any realistic quantum system is inevitably subject to an
external environment. This environment makes the open-
system dynamics significant for many quantum technolo-
gies, such as entangled-state engineering [1-3], quantum
simulation [4], and quantum sensing [5]. The ordinary
environment, usually consisting of a large number of degrees
of freedom, is hard to control, despite some attempts on
controllable transitions from Markovian to non-Markovian
dynamics [6-11]. A Markovian process assumes memory-
less dynamics of a quantum open system, with the informa-
tion continuously flowing to its environment, which is
described by adynamical semigroup with atime-independent
Lindblad generator [12]. However, in the presence of memory
effects, e.g., for a strong system-environment coupling, the
Markovian approximation fails, and the non-Markovian
process, deviating from the dynamical semigroup, allows
for a revival of quantum features, via the backflow informa-
tion from the environment. Therefore, whether the open-
system dynamics is Markovian or non-Markovian can be
characterized by the orientation of the information flow
between the system and the environment [13].

Owing to the memory effects and the ability of recov-
ering quantum features, non-Markovian quantum dynamics
[14,15] opens a new perspective for applications in quan-
tum metrology. Quantum metrology [16,17], an emerging
quantum technology, aims to use quantum resources to
yield a higher precision of statistical errors in estimating
parameters compared to classical approaches. Quantum
metrological studies can be very different when being
subject to either Markovian or non-Markovian noises
[18]. In addition, the metrologically useful quantum
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coherence and multipartite entanglement are essentially
quantified by the quantum Fisher information (QFI)
[19,20]. Thus, it is important to establish an approach
for characterizing the non-Markovianity of the open-
system dynamics by using the QFI flow between the
quantum system and its environment [21]. Other measures
of non-Markovianity include bipartite entanglement
[22-24], trace distance [25], and temporal steering [26].
As a comparison, the metrological approach based on QFI
also works on the information subflows through different
dissipative channels for a class of time-local master
equations [21].

In this Letter, we engineer multiple dissipative channels of
an open system and use QFI to quantify its non-Markovian
dynamics. The backflow of QFI, as a witness of the non-
Markovian dynamics, is observed in both the quantum
coherence and two-qubit entanglement experiments. Our
results also show that QFI flow can be decomposed into
additive subflows according to different dissipative channels.

In our experiments, the open system is provided by a
nitrogen-vacancy (NV) center electron spin, its host “N
nuclear spin, and a proximal '3C nuclear spin in diamond
(see Fig. 1). Details of the sample are presented in
Supplemental Material [27], which includes Refs. [28—
38]. Applying the secular approximation and ignoring the
weak nuclear-nuclear dipolar interactions, the effective
interaction Hamiltonian of the three-qubit system and the
spin bath can be written as [39] (we set 7 = 1)

H, = AL + AlSE + g, (1)

© 2020 American Physical Society


https://orcid.org/0000-0003-4633-3751
https://orcid.org/0000-0002-6121-6927
https://orcid.org/0000-0003-3682-7432
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.210502&domain=pdf&date_stamp=2020-05-27
https://doi.org/10.1103/PhysRevLett.124.210502
https://doi.org/10.1103/PhysRevLett.124.210502
https://doi.org/10.1103/PhysRevLett.124.210502
https://doi.org/10.1103/PhysRevLett.124.210502

PHYSICAL REVIEW LETTERS 124, 210502 (2020)

(@) ®) IR
|~L>— rfy
A ST
5 e it .
Vac |l’>c Mw
T 1
c |0
it 0%

—
(¢}
~

2z
c
=}
£
XS
—
o
O
@
N
©
E
e}
Z L L L 1 L L
0 20 40 60 80 100
rf duration (us)
FIG. 1. Coherent manipulation of multiple spins in diamond.

(a) The nitrogen-vacancy (NV) center, its host '“N nuclear spin,
and a nearby '’C nuclear spin form a three-qubit system.
(b) Energy levels of the three-qubit system. At the excited-state
level anticrossing (ESLAC), the three spin qubits can be polarized
by a short laser pulse and manipulated with resonant radio-
frequency (rf) pulses (13.284 MHz for the '3C nuclear spin and
2.929 MHz for the host "N nuclear spin). (c) Rabi oscillations of
the '“N and !*C nuclear spins under an external magnetic field of
B =482 G along the quantization axis of the NV center (NV
electron spin is at the m, = —1 state).

where Hjy is the interaction Hamiltonian between the
electron qubit and the spin bath, A) ~—2.16 and AL‘. ~
12.8 MHz denote the hyperfine coupling strengths between
the electron spin and nearby nuclear spins, respectively.

Under an external magnetic field of B, = 482 G, the
electron spin and nearby nuclear spins can be simulta-
neously polarized by a short laser pump due to level
anticrossing in the excited state (ESLAC) [40]. In
Fig. 1(c), we show Rabi oscillations of the '3C and “N
nuclear spins, driven by 13.284 and 2.929 MHz radio-
frequency (rf) pulses, respectively. The dephasing time 77,
of the host “N nuclear spin is about 5.5 ms, limited by
the spin relaxation of the NV electron spin (T, =
6.4+£0.4 ms). A shorter dephasing time 77. (about
0.6 ms) of the '’C nuclear spin is observed, which may
be caused by the 3 times larger gyromagnetic ratio of *C
and its coupling to other nuclear spins. The nearby nuclear
spins form a natural non-Markovian environment with a
long coherence time [41]. However, in our experiments, we
focus on the dephasing process (free induction decay, FID)
of the electron spin (775, = 2.9 £ 0.1 us). During the hours
of FID measurements, all the possible configurations of the
nuclear spin bath have been averaged out, resulting in a
Markovian decay of information [9].

In the first experiment, we employ the electron qubit as a
noise sensor, whose dynamical behavior is modulated by
initializing the state of the host N spin and the proximal '3C
spin [see Fig. 2(a)]. Since the interactions between nuclear
spins can be ignored in the timescale of our experiments,
these two controllable nuclear spins can be regarded as the
regulators of two independent dissipative channels, and
other weakly coupled nuclear spins act as another uncon-
trollable dissipative channel (see Supplemental Material
[27] for details). The quantum circuits and pulse sequences
of the first experiment are shown in Figs. 2(c) and 2(e),
respectively. By applying a 3-us laser pulse (532 nm), these
three qubits are polarized to an initial state |¥;) = |0), ®
1), ® |). (each subscript corresponds to its physical
carrier). Then, by applying the microwave (MW), rf; and
rf, pulses as shown in Fig. 2(e), the system is prepared in
¥(0)) = [+). ® lw(d1)), ® lw(dh2))., where |+),=
(10), + 1D)/V2,  and” [w(@)),e = cos(d/2)]1),.+
sin(¢p/2)|{), .. with ¢ denoting the rf pulse duration. The
time evolution of the electron qubit can be described by
the partial trace after the unitary time evolution of
the total Hamiltonian U(zr) = exp(—iF{;1) as p,(t) =
Tror [U(2) 00U (¢)], where Tt |- - -] denotes the partial trace
over the host N qubit, the 1*C qubit and the spin bath degrees
of freedom. Given the generator §% = 6%/2, the QFI of the
electron qubit can be written as

Qtih1. ) = r*(1) — s2(1t) = Qu(1: 1) Qe (£ 2) Qi (1),
(2)

where r = (s + s3 + s2)? is the length of the Bloch vector
r=[s.s,.s:]; Q,(1)=1- Sin2¢lsm2(Aut/2 +¢1/2),
Q,(1) = 1 — sin2¢ysin?(Alt/2 + ¢,/2), and Qg(r) are the
QFI of the electron qubit only subject to the N, 13C, and the
spin bath dissipative channels, respectively. The phase factors
@1 and @, represent the deviation of the prepared electron spin
initial state from an ideal one. Details on Qp(#) and the phases
can be found in the Supplemental Material [27].

The QFI flow, defined as the rate of change of the
QFL, Z(1) = 0,9(t; ¢, ¢2), can be explicitly written as a
sum of QFI subflows with respect to different dissipative
channels [21]

Z(t) = Z,(t) + Zc(1) + Zr (1), (3)

where Z;(1) = Q(9,In Q;), with i = n, ¢, R, and each QFI
subflow corresponds to not only the individual separable
dissipative channel but also all channels [21]. Moreover,
the inward QFI subflow (Z; > 0), resulting from the
temporary appearance of a negative decay rate [31] of
the time-local Lindblad master equation [12], is an essential
feature of non-Markovian behaviors. Furthermore, we
focus on the sum of time integrals of all inward QFI
subflows
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FIG. 2. Physical coding and experimental procedures. The NV electron spin and two strongly coupled nuclear spins play the roles of
the open system and controlled dissipative channels, respectively, while the other (weakly coupled) nuclear spins form an uncontrolled
dissipative channel. The quantum Fisher information (QFI) is used to characterize the quantum coherence and metrologically useful
entanglement of the open system. (a) In the first experiment, the NV electron spin is the open quantum system. The quantum coherence
of the system is subject to two controllable dissipative channels formed by the '“N and '*C nuclear spins. (b) In the second experiment,
the electron spin and the '*C nuclear spin form the open system, and the entanglement between the two spins is subject to a controllable
dissipative channel formed by the '“N nuclear spin. (c),(d) Quantum circuits and (e),(f) pulse sequences for the experiments.
(The controlled gates are implemented by single-spin rotations in the corresponding subspaces.)
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as a measure of non-Markovianity, and the long-time
measure is defined as N (¢, ) =N(t > 00, p1, P,).
Different from the time integral of the total QFI flow,
the measure of non-Markovianity in Eq. (4) considers the
inward subflow from each dissipative channel and can dig
out the non-Markovianity even when the total QFI flow is
negative.

In our experiments, the dissipative channels of the '“N
and '3C qubits can be fully controlled by tuning the
durations of the rf; and rf, pulses, i.e., to adjust ¢; and
¢>. When both channels are turned off, ¢p; = ¢, = 0 [see
Fig. 3(al) for the QFI], the dynamics of the NV electron
spin is only affected by other weakly coupled '°C nuclear
spins in the spin bath, and the QFI continuously flows out
within the evolution time ¢ < 600 ns [see Fig. 3(a2)]. For
¢, = n/4, ©/2, and ¢, = 0, the channel of the '*N nuclear
spin is open, and the revival of the QFI is shown in
Fig. 3(al), while the positive QFI flows are observed in
Figs. 3(a3) and 3(a4) for non-Markovian dynamics. For
¢ =0, and ¢, = n/4, n/2, the revival of the QFI and the
positive QFI flows, subject to the channels of the '*C
nuclear spin and the spin bath, are plotted in Figs. 3(b1l),
3(b2), and 3(b3). For fifteen experimental instances of 13C
qubit’s parameter ¢, the measured N (0, ¢,) is compared

with the numerical simulation (Fig. S5 in the Supplemental
Material [27]).

We furthermore characterize the system behavior when
both controllable dissipative channels are open. With
¢ = ¢, = r/2, the time evolution of the QFI of the electron
qubit and its QFI flow, compared with the ones obtained
from the sum of subflows (red cross), are shown in
Figs. 3(c1) and 3(c2). In Fig. 3(c3), the measure of non-
Markovianity N[z, (z/2), (x/2)] from the QFI subflows,
1, .r» withrespect to different dissipative channels (red bar)
is compared with the one from the total QFI flow, Z (blue
bar). We clearly observe that the measure in terms of
QFI subflows quantify more non-Markovianity than the
total QFI flow, when the system is subject to multiple
dissipative channels.

In the second experiment, we consider the open
system, consisting of the electron qubit and the proximal
13C qubit, which is subject to the controllable noisy channel
of the host '“N qubit and the dissipative channel of the spin
bath [see Fig. 2(b)]. Figures 2(d) and 2(f) show the quantum
circuit and pulse sequences of the second experiment.
Starting with the state |¥;) =10), ® |{), ® || )., the sys-
tem is_prepared in [¥'(0))=(0), ®[J]+]1), ®[1),)®
lw (1)), with the pulse sequences shown in Figs. 2(d)
and 2(f). The electron qubit and '3C nuclear qubit
are maximally entangled at this stage. Similarly, assuming

= |¥'(0))(¥'(0)] ® pg, the time evolution of the
electron qubit and the !’C qubit is described as
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FIG. 3. QFI flows of the electron qubit in a controllable non-Markovian environment. Time evolution of the QFI with (al) the

dissipative channel of '“N open (¢, = z/4, 7/2) and the one of '3C closed (¢, = 0); (b1) the dissipative channel of '“N closed (¢, = 0)
and the one of 13C open (¢, = /4, 7/2); (c1) the dissipative channels of both nuclear spins open (¢p; = ¢, = 7/2) compared with the
one calculated using the results of single channels given in (al),(b1). QFI flows for the controllable dissipative channels with parameters:
(@2) ¢ = ¢, = 0; (a3) ¢y = 7/4, ¢ = 0; (ad) | = /2, p, = 0; (b2) | =0, ¢, = /4; (b3) ¢ =0, ¢, = /2. (c2) When both
dissipative channels are open, the total QFI flow is compared with the sum of subflows calculated by results in (a2),(a4),(b3). (c3) The
measure of non-Markovianity from the total positive QFI flow in (c2) compared with the measure from the QFI subflows with respect to
different dissipative channels [N[t, (z/2), (x/2)] in Eq. (4)], versus the evolution time. The solid curves are for the numerical

simulations using experimental parameters.

Phe(t) = Tror[U(1)0p U ()], where Tryg[---] denotes the
partial trace over the '“N spin and the spin bath degrees
of freedom. If the QFI of a two-qubit state, with (55 + $7)
being the generator, is larger than 2, i.e., Q'(¢;¢,) > 2, it
characterizes the useful entanglement for quantum-
enhanced parameter estimation [16].

The time evolution of the QFI of the maximally
entangled state is shown in Fig. 4(a), when the controllable
4N channel is either closed (¢, = 0) or open (¢; = 7/2).
At time t = 0 with ¢; = 0, we obtain the maximum QFI,
Q'(0;0) = 3.687, which is useful for sub-shot-noise-limit
metrology [16,42]. With the dissipative channel of N
closed (¢; =0), the QFI flow remains negative [see
Fig. 4(b)]. In Fig. 4(c), the positive QFI flow of the
maximally entangled state, with ¢p; = 7/2, clearly signals
the non-Markovian dynamics of the two-qubit open sys-
tem. Moreover, the metrologically useful entanglement
[Q'(t;¢;) > 2] survives for a period of time (<380 ns),
when the open system only interacts with the weakly
coupled '*C nuclear spins in the spin bath. However, it
decays faster under the impact of non-Markovian noise by
setting ¢, = /2.

In summary, our experiments clearly demonstrate the
control of the non-Markovian dynamics of open systems by
manipulating the electron spin, the host N, and the
neighboring '3C nuclear spins of the NV center in diamond
at room temperature. First, the electron qubit, as an open
system, is subject to two controllable dissipative channels
of nearby nuclear qubits, of which the QFI flow character-
izes the non-Markovianity and can be decomposed into
subflows from individual channels. Second, when the open
system, consisting of the electron qubit and the '*C qubit, is
prepared in the maximally entangled state, the controllable
non-Markovian behavior of the decoherence dynamics of
the entanglement witnessed by the QFI flow is reported.
By using the QFI as a witness for quantum coherence and
metrologically useful entanglement, our work will contrib-
ute to the developments of both noisy quantum metrology
[16,18,43] and the non-Markovian dynamics of quantum
open systems in solids [42]. In addition, it will be helpful
to investigate how our results can benefit applications of
non-Markovianity [44-46], e.g., quantum computation [47]
and quantum communication [48], by considering the
anomalous decay effect in a spin bath [49,50].
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FIG. 4. (a) Time evolutions of the QFI of the maximally

entangled state of the NV electron qubit and the 12.8 MHz
13C qubit with the controllable dissipative channel of the '“N
qubit. QFI flows of the maximally entangled state with the
controllable dissipative channel of '“N (b) closed (¢; = 0) and
(c) open (¢ = n/2). The solid curves are for the numerical
simulations using experimental parameters.

Although our experiments are carried out with an
environment consisting of controllable dissipative chan-
nels, the verified relation between QFI and non-
Markovianity is independent of the controllability of the
environment [21]. Therefore, detecting the QFI of an open
system is also helpful for quantitatively characterizing the
non-Markovianity of the open-system dynamics in systems
without the controllability of their environments, including
but not limited to nuclear magnetic resonance [51], optical
systems [7,11], superconducting qubits [52], and trapped
ions [9]. Moreover, it is shown that with well-established
control techniques of spins, the NV system is a powerful
platform for studying complex open systems with multiple
dissipative channels and developing possible applications
of the memory effects in a non-Markovian dynamics.
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