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We experimentally demonstrate room-temperature storage of quantum entanglement using two
nuclear spins weakly coupled to the electronic spin carried by a single nitrogen-vacancy center in
diamond. We realize universal quantum gate control over the three-qubit spin system and produce
entangled states in the decoherence-free subspace of the two nuclear spins. By injecting arbitrary
collective noise, we demonstrate that the decoherence-free entangled state has coherence time longer
than that of other entangled states by an order of magnitude in our experiment.

PACS numbers:

INTRODUCTION

Decoherence caused by the system-environment interaction poses a serious obstacle to physical implementation of
quantum information processing [1, 2]. Strategies involving active interventions, such as dynamical decoupling [3-10]
and quantum error correction [11-14], have been extensively studied in experiments to recover quantum information
from coupling with the environment [15-18]. Meanwhile, passive error control methods with no active recovery have
also been proved to be efficient in preventing collective decoherence caused by symmetric system-environment coupling
[19-26]. Quantum information in the decoherence-free subspace (DFS) does not decohere and is well protected even
with perturbation in the system-environment interaction, making DFS an ideal quantum memory. DFS has been
demonstrated in several experimental systems to protect single qubits from collective dephasing [27-30, 36].

In this paper, we present an experimental demonstration of DFS in a room-temperature solid-state system and
use DFS to store quantum entanglement against general collective noise including both dephasing and dissipation.
Quantum storage of single qubits has been demonstrated in a number of experimental systems, including trapped ions
[37], single nuclear spins [36], atomic or spin ensembles [38-40]. To realize the full capability of quantum memory, it
is important to further extend the information storage from single qubits to quantum entanglement. This extension is
not straightforward as the best quantum memories demonstrated so far typically require good isolation of the qubits,
which makes it difficult to generate entanglement between the qubits in the same system. Entanglement between
nuclear spins coupled to the NV centers have been created in multiple works [17, 34, 36, 43—-45]. Here we extend these
works by demonstrating room-temperature storage of quantum entanglement in the DFS with two nuclear spins and
the effectiveness of DFS under general collective noise. We produce entanglement between the nuclear spins within
the DFS through universal gate control on the electronic and the nuclear spins. Under general collective noise, we
demonstrate that the entangled state in DFS has coherence time longer than that of other entangled states by an
order of magnitude.

RESULTS

Decoherence-free subspace

A DFS takes advantage of qubit-permutation symmetry in the system-environment interaction to isolate the stored
quantum information from the environment. Therefore, evolution of quantum states inside a DF'S is purely unitary. A
simple example for a DFS is provided by the two-qubit subspace spanned by [0)p = |0)n1|1)n2 and |1)p = |1)51]0)n2
when these two qubits are subject to collective dephasing noise [19, 20]. Apparently, a collective random phase ¢
accumulated for the basis states |0) — €!?|0),[1) — e~%|1) cancel out in this subspace. Most of the experimental
demonstrations focus on this special case [27, 28]. Under general collective noise including both dephasing and
relaxation, the states |0) p and |1) p are not stable any more, but their combination, the singlet state |.S) = (|0),1|1)n2—
|1),1]0)2)/v/2 is still an entangled state lying within the DFS [22-24].
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FIG. 1: Experimental system. (a) The NV electronic spin (red) and the coupled *C spin bath (Blue). Entanglement states are
stored in two isolated weakly coupled *C nuclear spins. (b) Energy structure of the NV electronic spin and a weakly coupled
nuclear spin. Nuclear spin sublevels | 1) and | |) are split by Zeeman shift (wz) and hyperfine interaction (A.., As.) with
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Control of two weakly coupled nuclear spins

We use two C'3 nuclear spins weakly coupled to an individual NV center electronic spin in a diamond crystal
as our qubits (Fig. 1(a,b)). The NV electronic spin is a well characterized spin-1 system which can be optically
initialized and readout [31], and coherently manipulated with microwave source at room temperature [32]. We use
the NV electronic spin as a handle to coherently control and entangle the nuclear spins and read out their final state
[33-35]. The external magnetic field provides a source of collective dephasing noise to the target nuclear spins. We
prepare two typical entangled states |T) = (|0),1|1)n2 + |1)n1]|0)n2)/v2 and |S) = (|0)n1]|1)n2 — [1)n1]0)n2)/V2 to
demonstrate the DF'S under the collective dephasing noise and find that the memory time is limited by the electronic
spin relaxation time T7. To verify the DFS under arbitrary collective noise including both dephasing and relaxation,
we realize a general collective noise model by injecting a noisy radio frequency field into the system [34, 41]. Under
general collective noise, we show that the entangled state |\S) within the DFS is still well protected until the electronic
spin relaxation breaks the system-environment symmetry while the state |T') quickly decoheres.

The experiments are performed at room temperature on a diamond sample with an external magnetic field of 480
Gauss along the NV symmetry axis. We use the hyperfine interaction to coherently manipulate the nuclear spin by
applying an equally-spaced sequence of 7w rotations (the Carr-Purcell-Meiboom-Gill, or CPMG sequence) to flip the
electronic spin [17, 18, 35]. We use the XY8 sequence in our experiment to reduce the influence of imperfection in
pulse durations and the accumulation of systematic pulse errors [16, 41]. The multi-pulse CPMG sequence decouples
the electronic spin from the spin bath. At the same time, the electronic spin gets entangled with a specific nuclear
spin when the pulse interval 27 satisfies certain resonance condition, which leads to collapse of the electronic spin
coherence after the CPMG sequence and thus can be detected. The resonance condition depends on A, the parallel
component of the hyperfine interaction for the specific nuclear spin, and is given by

22k —1D)m
- 2wy, + AH

where the integer k denotes the order of resonance and wy is the nuclear spin Larmer frequency. Based on this
resonance, we control the total number of 7w pulses N and the pulse interval 27 to complete single-bit operations (X
or Z rotation) or conditional operation (+X rotation conditional on the state of electronic spin) on the target nuclear
spins, where X and Z denote the Pauli matrices o, and o,. For each type of gates, the condition for N depends on
the transverse component of the hyperfine interaction A, [47].

Calibration of hyperfine parameters

To perform high-fidelity gate operations on the weakly coupled nuclear spins, it is required to have precise calibration
of the hyperfine interaction magnitudes A and A, for each target nuclear spins. The hyperfine parameters can be
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FIG. 2: Calibration of the nuclear spin hyperfine interaction parameters. (a) Gate sequence to scan the resonant frequency of
nuclear spins with the electronic spin set at ms = +1,0, —1 states, respectively. The nuclear spin is initialized by swapping the
electronic spin polarization onto the nuclear spin. Electronic spin is reset to |0) or | £ 1) state using a 350 ns green laser or an
additional 7 rotation afterwards. A rf pulse with a duration of 600 us and a scanning frequency is then implemented on the
nuclear spin to trigger spin flips at resonant frequency. The final state readout is accomplished by swapping the nuclear spin
state back onto the electronic spin. (b) Probability of electronic spin in ms; = 0 state (Po) as a function of the rf frequency
with the electronic spin at ms = 0, —1, 41 states, respectively, for nuclear spin 1. Solid lines are the Gaussian fits. See the
supplementary material for results on the nuclear spin 2.

calibrated with a resolution about 10 kHz by fitting the experimental data on the measured electronic spin coherence
after the CPMG sequence to the numerical simulation of the corresponding dynamics with the fitting parameters A
and A, . However, as the gate fidelity is strongly correlated with the precision of the hyperfine parameters, the 10 kHz
resolution in calibration is not enough for achieving high-fidelity quantum gates on the nuclear spins. We describe
a method based on the nuclear spin ODMR (Optical Detected Magnetic Resonance) for high-precision calibration of
Aj and A in experiments. We measure the resonant frequency of the nuclear spins with the electronic spin set at
ms = +1,0,—1 respectively. As described in Fig. 2(a), with rough calibration of the hyperfine parameters by the
CPMG sequence, we first polarize the nuclear spin (with significant imperfection) by swapping the electronic spin
polarization onto the nuclear spin, and optically reset the electronic spin to ms; = 0 state (or ms = +1 state by
another resonant microwave 7 rotation). After that, we apply a m-pulse of 600 ps duration on the target nuclear spin
using radio frequency field and measure the nuclear spin flip probability by swapping the nuclear spin polarization
back onto the electronic spin. In Fig. 2(b), we show that this approach gives a resonant frequency with a standard
deviation of 0.05 kHz, thus allows us to determine the nuclear spin hyperfine parameter to a resolution about 0.05
kHz in the parallel component A and about 0.5 kHz in the transverse component A, [47].

After the hyperfine parameters are precisely calibrated, we perform the desired gate (conditional X gate, uncondi-
tional X and Z gate) on the polarized nuclear spins with electronic spin at ms = 0 or ms = —1 state. To estimate
the gate fidelity, we apply the same gate 10 times, and from the slow decay of the target state fidelity as shown in
Fig. 3 and the supplementary material, we extract a gate fidelity about F a 0.988 (F' =~ 0.975) for the conditional
operations on nuclear spin 1 (spin 2). Gate fidelity for nuclear spin 1 is slightly higher than that for nuclear spin 2,
because nuclear spin 1 has a larger parallel component of hyperfine parameters, which leads to a shorter gate time
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FIG. 3: Characterization of the conditional X gate on nuclear spins 1 and 2. See the supplementary material for results on
unconditional gates. (a) Experimental scheme to characterize the gate fidelity. The nuclear spin is polarized by swapping the
electronic spin polarization onto the nuclear spin. An additional 7 rotation is applied to set the electronic spin to ms = —1 state.
After that, the desired gate (conditional X gate) is applied on the nuclear spin for N times (N = 1,...,10) with the electronic
spin at ms = 0 or ms = —1 before measuring the nuclear spin on the Y basis. (b,c) Experimental results of conditional X gate
on the nuclear spin 1 and 2, respectively. The nuclear spin rotates on the opposite direction of the X axis with the electronic
spin at ms = 0, —1 states. Solid lines are fits by the function sin(2rN/4)(1 — bN) with b = 0.012 and a standard deviation of
o =0.011 in (b) and b = 0.025 and a standard deviation of o = 0.014 in (¢). The results are without correction of initialization
and detection error.

[47]. Using the high fidelity conditional X gate and the unconditional Z gate, single nuclear spin initialization and
readout fidelity is enhanced to F; = 0.896(6) and F» = 0.873(9) for nuclear spin 1 and 2 [47].

Entanglement preparation

We prepare two typical entangled states |T') and |S) for the nuclear spins using the above gates. When the nuclear
spins are subject to collective dephasing noise, both the two states are decoherence free. However, only the entangled
state |S) is protected under arbitrary collective noise. To produce the desired entangled states, as shown in Fig.
4(a), we first prepare an electron-nuclear entangled state (|0)¢|Y_)n2 —i|1)e|Y )n2)/Vv/2 by applying a conditional /2
operation on the polarized nuclear spin 2 with the electronic spin set at (|0) — i|1))/+/2 state, where |Y1) denotes
the eigenstate of o, with £1 eigenvalue. After that, we coherently swap the states between the electronic spin and
the nuclear spin 1 by applying a sequence of gate operations as shown in Fig. 4(a), and subsequently implement
a single-bit X gate on the nuclear spin 1 to produce the target entangled states within the DFS of the two nuclear
spins. By controlling the phase ¢ of the swap gate we are able to prepare the entangled state to either |T') or |S).
The entangled state fidelity is characterized by calculating the overlap between the experiment density matrix peqyp
constructed through quantum state tomography [47] and the target ideal state |¥;q) through F = (V4| pexp|Pid)-
With the measured fidelity F' = 0.60(1) for |S) state and F' = 0.59(1) for |T') state (without correction of initialization
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FIG. 4: Preparation and detection of entangled states between the nuclear spins. (a) Gate sequence to prepare entangled states
between nuclear spins at room temperature. Entanglement is first generated between the nuclear spin 2 and the electronic
spin. By swapping the electronic spin with the nuclear spin 1, entanglement between nuclear spins is produced. A subsequent
/2 rotation is applied to prepare the entangled state in the DFS. The phase ¢ of the operation in red is controlled to produce
|T) state (¢ = 0) or |S) state (¢ = 7). The readout is performed by quantum state tomography on the two nuclear spins [47].
(b,c) Quantum state tomography results for |S) state (b) and |T') state (c). Black bar describes the simulation result [47], blue
(green) bar is the experiment data for |S) (|T°)) state without correction of initialization and readout errors.

and detection error), we demonstrate entanglement between the nuclear spins (Fig. 4(b,c)).

Various imperfections affect the entangling process, which leads to a low entangled state fidelity. We summarize the
four major contributions. (i) The preparation process involves the initialization of nuclear spin 2, with a single-qubit
initialization and readout fidelity about 0.87, we expect a similar fidelity drop in term of the entanglement fidelity. (ii)
The use of green laser at the end of the entangling process to optically reset the electronic spin decreases the nuclear
spin fidelity in both polarization and coherence [17, 42]. (iii) The intrinsic errors mostly caused by the crosstalk
between the targeted two nuclear spins decrease the entangled state fidelity from 1 to 0.95 in our numerical simulation
(see Fig. 4(b,c)). (iv) Decoherence, magnetic field fluctuation and gate error accumulation in each experimental
run (note that the whole state preparation process requires application of more than ten gates) reduce the final
state fidelity over the 10° repetitions of experiments for measurement of each density matrix element [47]. At room
temperature, due to these limitations, it is hard to significantly improve the entanglement fidelity for the nuclear
spins. With an isotopically purified samples, the coherence time for the electronic spin increases, but it becomes
more difficult to find nuclear spins with appropriate hyperfine interaction strength for the entangling gates. If we
put the sample in a cryogenic environment, both the initialization fidelity and the coherence time for the electronic
spin would be significantly improved, and correspondingly the entanglement fidelity for the nuclear spins will increase
substantially [36].
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FIG. 5: Decay of the entanglement fidelity under various noise environments. (a) Entanglement fidelity as a function the storage
time ¢t under collective dephasing noise. Solid lines are fits to exp(—t/Test) with Tesy = 2.24 ms and a standard deviation of
o = 153 ps for |S) state (blue) and Tes: = 2.29 ms and a standard deviation of o = 232 pus for |T') state (green). The fitting
curves saturate at 0.35, which corresponds to the fidelity of the final state when all the coherence terms drop to zero. Due to
the limited fidelity for initial state preparation, the population is not given by an identity matrix, so the saturation fidelity is
0.35 instead of 0.5 . (b) Entanglement fidelity as a function of the storage time ¢ under general collective noise. Solid lines are
fits to exp(—t/Test) with Tese = 2.18 ms and a standard deviation of ¢ = 366 us for |S) state (blue) and Tes: = 360 us and a
standard deviation of o = 20 us for |T') state (green).

Test of DFS under collective dephasing noise

We start by exploring DFS with the system subject to a collective dephasing noise, which in our case is the external
magnetic field. In Fig 5(a), we prepare the nuclear spins in the DFS and measure their state fidelity extracted from
quantum state tomography as a function of storage time. By fitting the data to exp (—t/T.st), we extracted a memory
time of T.s; =~ 2.3 ms, which is limited by the electronic spin relaxation time 77 =~ 2.5 ms. This can be explained
by the breakup of the system-environment coupling symmetry. As the electronic spin relaxes, it causes independent
dephasing noise for the two nuclear spins with Aw =~ |AH1 - AH2| ~ 148 kHz, which destroys the state quickly [36].
Longer memory time could be achieved for entangled states if one makes use of the isotopically purified diamond
samples to reduce the nuclear spin crosstalk error with spin bath and repeatedly polarizes the electronic spin to
mitigate the dephasing noise [42]. Alternatively, if one put the diamond sample in the cryogenic environment, both
the entanglement fidelity and entanglement storage time can be significantly improved as the electronic spin relaxation
time gets much longer under low temperature [46].

Test of DFS under general collective noise

A crucial step to verify DFS is to investigate the state coherence under general collective noise including both
dephasing and relaxation. To realize general collective noise in addition to the dephasing induced by the external
magnetic field, we introduce collective relaxation by injecting a noisy radio-frequency field. Because the magnetic
field couples the nuclear spins identically, the relaxation induced by the injected rf field is collective to nuclear spins
in the close neighborhood of the electronic spin. In Fig. 5(b), We compare the storage time of two typical entangled
states |T') and |S). In agreement with theory, only |S) state which lies within the DFS under arbitrary collective noise
is protected against the injected noise with a fitted memory time Tes; &~ 2.2 ms. In comparison, |T') state is destroyed
quickly with a fitted memory time T.s ~ 360 us.



SUMMARY

In summary, we have demonstrated room temperature storage of quantum entanglement by preparing quantum
states in the DFS of two nuclear spins and experimentally verified that the entangled state within the DFS has
coherence time significantly longer than that of other components under general collective noise. Storage of quantum
entanglement is required in many quantum information protocols and our result suggests that the DFS could find
interesting applications in experimental realization of those protocols.
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