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Quantum entanglement, the essential resource for quantum information processing, has rich dy-
namics under different environments. Probing different entanglement dynamics typically requires
exquisite control of complicated system-environment coupling in real experimental systems. Here,
by a simple control of the effective solid-state spin bath in a diamond sample, we observe rich
entanglement dynamics, including the conventional asymptotic decay as well as the entanglement
sudden death, a term coined for the phenomenon of complete disappearance of entanglement after
a short finite time interval. Furthermore, we observe counter-intuitive entanglement rebirth after
its sudden death in the same diamond sample by tuning an experimental parameter, demonstrating
that we can conveniently control the non-Markovianity of the system-environment coupling through
a natural experimental knob. Further tuning of this experimental knob can make the entanglement
dynamics completely coherent under the same environmental coupling. Probing of entanglement
dynamics, apart from its fundamental interest, may find applications in quantum information pro-
cessing through control of the environmental coupling.

Besides its significance as a fundamental concept in
quantum mechanics, entanglement has been recognized
as an essential resource for quantum computation and
communication' ™. In any real experimental system,
due to its inevitable coupling to the surrounding envi-
ronment, entanglement degrades with time, leading to
various kinds of entanglement dynamics under different
environmental couplings®®. The most common one is
the asymptotic decay of the entanglement, where the en-
tanglement approaches zero (typically exponentially) as
the time goes to infinity. This behavior is similar to the
quantum coherence decay and arises when the environ-
mental coupling is dominated by pure dephasing or pure
relaxation®%. Under more complicated dissipation, en-
tanglement may completely vanish in a finite (typically
short) time interval, a phenomenon called the entangle-
ment sudden death (ESD)” !l. The ESD is identified to
be more disruptive to quantum information processing
due to the fast disappearance of entanglement” ®. Under
more unusual situations which require non-Markovianity
of the system-environment coupling, the entanglement
can reappear after its sudden death for a while, which
is termed as the entanglement rebirth?. The entangle-
ment sudden death and rebirth have been extensively
studied theoretically'?7'8. On the experimental side, all-
optical quantum experiments can simulate environmental
couplings of photonic qubits by linear optics elements to
demonstrate the ESD'%20 as well as the non-Markovian
coupling?' 22, ESD is also observed between atomic
ensembles but with no entanglement rebirth or non-
Markovian behavior?*. It is desirable to find an exper-
imental system where the natural system-environment
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coupling and its Markovianity can be controlled to probe
different kinds of entanglement dynamics in a single sys-
tem, including the ESD and the entanglement rebirth.
Probe of the non-Markovian dynamics plays an impor-
tant role in control of open quantum systems?°~27.

In this paper, we demonstrate that rich entanglement
dynamics can be observed in a single diamond sample
by controlling the effective coupling of spin qubits to the
solid-state spin bath. The system-environment coupling
is controlled by the dynamical decoupling pulses, which
provide a tunable filter function to modify the contribut-
ing noise spectrum of the bath. This filtering technique
has been used before on quantum superposition states to
enhance coherence time?®3? and to address single 3C
nuclear spin®'33. Here, we extend the demonstration
from quantum superposition states to quantum entangle-
ment by controlling the whole nuclear spin bath with the
goal of probing rich entanglement dynamics. Depend-
ing on the control parameter in the filter function, we
observe the Markovian asymptotic decay as well as the
sudden death of the entanglement. Tuning of the same
parameter allows us to go to non-Markovian region of the
dissipation, where we observe the entanglement rebirth
after the ESD. Further tuning of this parameter can make
the entanglement dynamics completely coherent under
this spin bath, showing entanglement Rabi oscillations.

Our experimental demonstration makes use of the hy-
brid spin system composed of the electron spin and
the host N nuclear spin associated with the nitrogen-
vacancy center in diamond (Fig. 1(a)). The surrounding
3¢ nuclear spins in the crystal lattice act as a natural
reservoir and are coupled to the electron spin via varying
anisotropic hyperfine interactions (Fig. 1(a)). The im-
pact of the 13C bath on the nitrogen nuclear spin can be
ignored due to the lower interaction strength compared
to that of the electron spin.

The experiments are performed at room temperature
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FIG. 1: Experimental system. (a) The NV electron spin (red), the host nitrogen nuclear spin (green) and the coupled *C spin
bath (Blue). Entangled state is prepared on the electron-nitrogen pair and is exposed to the spin bath. Hyperfine parameters
of distinct carbons are denoted as A; for carbon i. (b) Gate sequence to prepare entanglement in the electron-nitrogen nuclear
spin pair. The conditional 7 rotation is implemented by a 2.928 MHz radio-frequency (rf) signal with two fast 7w rotations of
the electron spin symmetric on both sides to protect the coherence of the electron spin. (c) Entanglement decay as a function
of free evolution time with the system subject to the fluctuating spin bath. (d) Entanglement decay as a function of evolution
time under the Hahn echo. Solid lines are fits by the function exp(—(t/T:)?) with T. = 3.7 us (602 us) for Fig. ¢ (Fig. d).
The error bars in this and the following figures denote one standard deviation.

on a bulk diamond sample with a natural '*C abundance.
Under an external magnetic field of 479 Gauss along the
NV symmetry axis, both the electron and the nitrogen
nuclear spin are polarized via optical pumping®*. We
prepare entangled state between the two spins using a
rf-induced 7 rotation of the nuclear spin conditional on
the state of the electron spin (Fig. 1(b)). Coherence
of the electron spin is protected by two fast 7w rotations
symmetric on both sides of the rf pulse with the form 71 —
m— 2711 — 7 — 71, where 277 is the rf pulse duration. Final
state density matrix is reconstructed from measurements
by two-bit state tomography?>°.

Entanglement for a two-qubit state p can be quantified
by concurrence C3%, which is given by C = maz{0,T'}
where I' = v A1 — v A2 — v/ Az — /A4 with \; denoting the
eigenvalues of the matrix p(o, ® oy)p*(0y ® 0,) in de-
creasing order, and p* denoting the complex conjugate of

p in the computational basis {|00),]01), |10),|11)}. This
quantity can be interpreted as a measure for the quan-
tum correlation present in the system and takes the value
from 0 to 1.

We start by studying the dynamics of entanglement
under free evolution of the two spins. Under this con-
dition, the electron spin is subject to fast decoherence
noise induced by the bath. Therefore, asymptotic decay
of entanglement is observed by fitting the concurrence to
exp(—(t/T.)?) (Fig. 1(c)), where T is the electron spin
coherence time. A Hahn echo can cancel part of the inter-
action with the spin bath and thus significantly increase
the coherence time. As a result, the observed decay of
entanglement under the Hahn echo is also asymptotic but
with a much slower decay rate as shown in Fig. 1(d).

A more complicated behavior of entanglement dy-
namics can be observed if one extends the Hahn echo
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FIG. 2: Decay of electron-nuclear spin entanglement under CPMG sequences.
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(a) Diagram of the CPMG sequence. (b)

Asymptotic decay of entanglement as a function of the total evolution time at 7 = 2 ps. Solid line is a fit by the function
exp(—(t/T2)?) with T> = 1.33 ms. (c) Observation of entanglement sudden death as a function of the evolution time at 7 = 0.47
us. (d, e) Non-Markovian entanglement dynamics as a function of the total evolution time at 7 = 0.44 us and 7 = 0.51 us,

which shows entanglement sudden death and rebirth.

to periodic repetitions of the Carr-Purcell-Meiboom-Gill
(CPMG) sequence (Fig. 2(a)). The CPMG sequence acts
as a filter of the bath in the frequency domain, whose cen-
ter frequency can be tuned by changing the inter-pulse
duration 27. In experiments we selectively apply four
specific filters to the system by choosing corresponding
7 and monitor the evolution of entanglement by grad-
ually increasing the number of pulses N (and therefore
the total evolution time). Three distinct behaviors of en-
tanglement dynamics are observed: (i) asymptotic decay
(concurrence of entanglement approaches zero as time
goes to infinity) with 7 = 2 ps (Fig. 2(b)), (ii) entangle-
ment sudden death (concurrence of entanglement drops
to zero in a finite time) with 7 = 0.47 ps (Fig. 2(c)),
(iii) non-Markovian behavior which shows entanglement

sudden death and rebirth with 7 = 0.44 us and 7 = 0.51
us (Fig. 2(d,e)).

The phenomena can be explained by the spectral fil-
tering of the spin bath through the CPMG sequence,
which either suppresses?®3? or resonantly amplifies?! 33
the interactions of the electron spin with the structured
bath. The power spectrum S(w) of the bath includes two
parts3”: thermal noise due to the random orientations
and flip-flops of the bath spins at room temperature,
and dynamical quantum noise caused by the evolution
of nuclear spins. Under the CPMG sequence, both com-
ponents of the surrounding bath can be detected by mea-
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FIG. 3: Analysis of the entanglement evolution under CPMG sequences. (a) Upper panel: decay of electron coherence as
a function of half inter-pulse duration 7 with N = 16. Black dots and solid line are experimental data taken every 10
ns. Red dashed line denotes the simulation result under six identified carbon nuclear spins in the bath with their hyperfine
parameters calibrated by the method described in the supplementary material*!. Arrows indicate corresponding 7 in Fig.
2(b,c,d,e) respectively. Lower panel: calculated entanglement concurrence from electron coherence in the upper figure. Inset:
experimental results with the same time range in the blue dashed square. Blue circles are experimental data taken every 50
ns. (b) Upper panel: noise spectrum constructed from electron spin coherence in Fig. 3(a). Central components correspond
to the first order resonance of the nuclear spin bath. Higher order resonance terms are shown as peaks at lower frequencies.
Lower panel: filter function of the CPMG sequences with N = 16. Peaks appear at wo/(27) = 1/(47). (c,d,e) Simulation of
entanglement decay under the same condition described in Fig. 2(c,d,e) respectively. Dashed lines are results corresponds to
single identified carbon nuclear spin. Solid line is the result with effects of six carbon nuclear spins combined together.
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is the filter function®® associated with the pulse number
N and the total evolution time t = 2N7 of the CPMG
sequence. The detected probability corresponds to Py =
(1/2)(W(t) + 1).

We focus on the dynamical quantum noise of the bath,
as the effects of static thermal noise are removed by the
CPMG sequence. According to equation (1), the preces-
sion of the '3C spin bath produces a coherence dip of
electron spin centered at the nuclear Larmor frequency
wr, = Y¢ B, where ¢ is the nuclear spin gyromagnetic
ratio and B, is the external magnetic field. Due to the
frequency shift caused by the hyperfine interactions of
multiple nuclear spins in the bath, the observed signal is
shown as a broad collapse instead of a dip (upper panel
of Fig. 3(a)). Higher order resonances of the bath are
observed as broadening of the collapses and splitting of
isolated dips. The influence of the bath on the electron
spin coherence takes effect on the entangled state shared
between the electron and the nuclear spin and leads to
disruption of entanglement as shown in lower panel of
Fig. 3(a), where entanglement concurrence is calculated
from the detected Py in the upper panel. We experimen-
tally measure the entanglement concurrence around the
bath and observe a consistent behavior with the calcula-
tion prediction (Inset of Fig. 3(a)).

Spectrum of the dynamical quantum noise can be con-
structed from the coherence decay of the electron spin
under the CPMG sequence with a spectrum decomposi-
tion method®®. As shown in the upper panel of Fig. 3(b),
central components in the spectrum correspond to first
order resonance of the nuclear spin bath and peaks in
the lower frequencies are higher order resonance terms.
With fixed inter-pulse duration 27, filter function of the
CPMG sequence covers a narrow frequency region cen-
tered at wy = 7/(27) (See lower panel of Fig. 3(b) for
filter function). If we control the filter peak to be off reso-
nant from the bath (for example 7 = 2us), bath influence
on the electron spin is sufficiently suppressed, thus con-
currence of entanglement is shown as Markovian asymp-
totic decay and can be kept to the limit of electron spin
T, (Fig. 2(b)). On the contrary, if we control the filter
to be on resonant with the bath, interactions of the elec-
tron spin with multiple carbons are amplified, leading to
information flow between the electron spin and the bath.
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To understand the mechanism of the information flow,
we experimentally identify six carbon nuclear spins in
the bath which give strong influence on the electron spin
coherence?? (Fig. 3(a) and Fig. 1 in*!) and perform sim-
ulations with the 8-qubit system*'. From Fig. 3(c), when
the filter amplifies the center of the bath (7 = 0.47us),
information exchanges between the electron spin and sev-
eral carbons with separate exchange frequency are mixed
together and on average are shown as dissipation from
the electron spin to the bath. Consequently, entangle-
ment vanishes completely in a finite time and ESD is
observed. Comparatively, when the filter amplifies the
edge of the bath (7 = 0.44us and 7 = 0.51us), informa-
tion flow is dominant by the interaction of the electron
spin with the resonant carbon (C1 with 7 = 0.44us, C2
with 7 = 0.51us), thus revival of entanglement is ob-
served after the concurrence drops to the minimal value
(Fig. 3(d,e)). Full revival is prohibited by the interac-
tions with other carbons in the bath.

For the initially entangled states evolving under the
CPMG sequence, concurrence coincides with the mea-
sure for quantum non-Markovianity of the electron-bath
system?', which in the standard approach is defined
by the trace difference between two quantum states
Dip1(t), pa(t) = (1/2)llps() = pa(®)l], where pys(t) =
[61,2(1))(@12(t)] and [¢12(0)) = (1/v2)(|0)e =+ [1)e).
Therefore, the observed revival of entanglement also
quantifies the memory effect of the system.

To further probe the non-Markovianity of the system,
we control the filter to be on resonant with isolated single
carbon where influence of the unwanted spin bath is sup-
pressed (Fig. 4(a)). Under this condition, the isolated
carbon acts as a register in a way that coherence infor-
mation flows back and forth between the electron-nuclear
pair and the electron-carbon pair, thus leads to entan-
glement Rabi oscillations. As can be observed from Fig.
4(b,c), after dropping to 0, the concurrence immediately
begins to grow and recovers to the initial value after a half
cycle. The period of this entanglement Rabi oscillation is
dependent on the transverse component of the hyperfine
parameters (A,,1 = 114.5(1)kHz, A2 = 58.7(3)kH z).

In summary, beyond demonstrating a perspective in-
sight into the entanglement dynamics, our observations
provide a possible method to control entanglement by
engineering its natural environments. This method can
be exploited to other solid-state experimental systems
with a central spin (such as a quantum dot). Moreover,
measurement for quantum non-Markovianity allows for
the study of memory effects emerging from correlations
within the environment. Such intrinsic memory effects
associated with NV centers in diamond could be used to
restore information from the bath and may find applica-
tions in quantum sensing, quantum information process-
ing and quantum thermodynamics.
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FIG. 4: Decay of electron coherence and electron-nuclear spin entanglement under the CPMG sequences with inter-pulse
duration 7 on resonant with a single carbon. (a) Decay of electron coherence as a function of half inter-pulse duration 7 under
CPMG sequences with N = 16. Black circles are experimental data taken every 10ns. (b) Entanglement decay as a function of
the total evolution time with the half inter-pulse duration 7 = 2.253 us. The sequence is on resonant with carbon 2 (green arrow
in Fig. 4(a)). (c) Entanglement decay as a function of the total evolution time with the half inter-pulse duration 7 = 2.579
us. The sequence is on resonant with carbon 1 (blue arrow in Fig. 4(a)). Blue (green) solid lines are simulation results with
calibrated parameters for carbon 1 (2).
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