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Abstract
Quantum bits or qubits naturally decohere by becoming entangled with uncontrollable
environments. Dynamical decoupling is thereby required to disentangle qubits from an
environment by periodically reversing the qubit bases, but this causes rotation error to
accumulate. Whereas a conventional qubit is rotated within the SU(2) two-level system, a
geometric qubit defined in the degenerate subspace of a V-shaped SU(3) three-level system is
geometrically rotated via the third ancillary level to acquire a geometric phase. We here
demonstrate that, simply by introducing detuning, the dynamical decoupling of the geometric
qubit on a spin triplet electron in a nitrogen-vacancy center in diamond can be made to
spontaneously suppress error accumulation. The geometric dynamical decoupling extends the
coherence time of the geometric qubit up to 1.9 ms, limited by the relaxation time, with 128
decoupling gates at room temperature. Our technique opens a route to holonomic quantum
memory for use in various quantum applications requiring sequential operations.
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Main text
Quantum information technology is becoming a reality in the form of quantum computers,
simulators, sensors, as well as the repeaters required for the quantum internet. Long memory time
and high-fidelity gates are the key factors that must be scaled up to finally achieve real applications.
The widely used dynamical decoupling technique [1–8], which in principle extends the memory time
or the coherence time, in practice faces the problem of error accumulation after a large number of
decoupling gates, which eventually degrades the state fidelity. The Carr-Purcell-Meiboom-Gill
(CPMG) sequence [1] has thus been developed to suppress the accumulation of gate errors, while the
initial state is restricted to the eigenstate of the driving field of the decoupling gate. As alternatives, a
composite pulse technique for achieving high-fidelity gates [3,4] and a specially designed gate
sequence [2,5,6] have been developed to be independent of the initial state.
A qubit is typically defined as being in a two-level system with an energy gap, which allows direct
transition within the bases to implement dynamic quantum gates. Another type of qubit can also be
defined in a two-level system without an energy gap; this type requires an indirect transition via a
third ancillary level, and thus constitutes a V-shaped three-level system to implement geometric
quantum gates [9–12]. Geometric quantum gates can be either adiabatic [13–15] or non-adiabatic [9–
12,16–19]. In contrast to the adiabatic geometric gate, the non-adiabatic geometric gate enables faster
gate operation to reduce the influence of the environmental noise, thereby resulting in high fidelity.
Moreover, the degenerate two-level system is independent of the global phase of the driving field, as
seen in the polarization or time-bin encoding of a photon, enabling post selection of successful
operations to exclude a population loss from the qubit space spanned by the degenerate two-level
system.
The negatively charged nitrogen-vacancy (NV) center in diamond (Fig. 1a) naturally consists of a
V-shaped spin-1 electron system (Fig. 1b), which is a promising platform for quantum sensing of
electromagnetic fields and temperatures to probe nanoscale physical, chemical, and biological
phenomena [20,21] and for the quantum repeaters interfacing between a photon and a solid-state spin
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for long-distance quantum communication [22–25]. In contrast to conventional SU(2) gates, which
utilize the global phase of the driving field to achieve arbitrary rotation, SU(3) gates utilize the
polarization of the driving field for the demonstration of spin-photon entanglement generation [22,23]
and quantum state transfer [24]. Polarization-based geometric spin rotation [10–12] has also been
demonstrated under a zero magnetic field, where the electron spin coherence time is maximized
owing to the time reversibility of the system including environmental spins [9]. However, it is likely
that the population leaks from the qubit space to the ancillary space during the geometric gate
operations as an additional error [26,27], limiting the previous experiments to several gate operations.
Here we demonstrate robust dynamical decoupling of a geometric qubit, which decouples the qubit
state not only from environmental spins but also from the ancillary state, with a spin-1 electron spin
system in an NV center in diamond.
The spin-1 electron spin system of the NV center consists of degenerate |𝑚s = ±1⟩ levels and a
|𝑚s = 0⟩ level, which are mutually split in energy by the zero-field splitting. Instead of the
conventional dynamic qubit based on the |0⟩ state and one of the |±1⟩ states, which are
energetically split under a magnetic field, we define the geometric qubit based on the degenerate
|±1⟩ states serving as an interface between an electron and photon polarization. The Hamiltonian of
the geometric qubit with the x-polarized microwave under a zero static field is expressed by 𝐻drive =
𝛺
2

𝑆𝑥 , where Ω denotes the Rabi frequency and 𝑆𝑥 denotes the x-component of the spin-1 operator.

The Hamiltonian defines the bright state |+⟩ = (|+1⟩ + |−1⟩)⁄√2, which is coupled to the ancilla
state |0⟩, and the dark state |−⟩ = (|+1⟩ − |−1⟩)⁄√2, which is the uncoupled eigenstate of the
Hamiltonian. Note that we hereafter omit the Dirac constant ℏ for simplicity. A cyclic rotation in the
operational space based on {|0⟩, |+⟩} induces a geometric phase π as a global phase on the bright
state |+⟩ to implement the geometric bit-flip gate in the qubit space {|+1⟩, |−1⟩}, leading to the
dynamical decoupling of the geometric qubit. In practice, the pulse length error causes deviation of
the rotation angle (angle error) to result in direct population leakage from the qubit space or dynamic
rotation from |+⟩ to |0⟩. On the other hand, the state splitting between |+1⟩ and |−1⟩, including
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the Zeeman splitting induced by a residual magnetic field and hyperfine splitting induced by the
environmental spins, causes the deviation of the rotation axis (axis error) to result in indirect
population leakage from the qubit space or geometric rotation from |−⟩ to |0⟩ via |+⟩

(Fig.

1d) [28]. The angle error of the dynamic rotation accumulates every time the dynamical decoupling
gate is operated (Fig. 1e left), while the axis error of geometric rotation is canceled out every two
rotations [28].
The key feature of the demonstration is that the degeneracy between the qubit space and ancillary
space under the microwave is lifted by simply introducing a frequency detuning ∆ , which is
sufficiently smaller than 𝛺 . When the geometric bit-flip gates are periodically operated in the
decoupling sequence (Fig. 1c), the angle error is averaged out by the phase acquired during the gate
interval time 𝜏 (Fig. 1d) only when 𝜏 does not resonate to the detuning as 𝜏 ≠

2𝜋𝑛
∆

(𝑛 ∈ ℕ) (Fig.

1e middle). In contrast, the angle error accumulates when 𝜏 resonates to the detuning as 𝜏 =

2𝜋𝑛
∆

(Fig. 1e right), where we can estimate ∆ from the 𝜏 dependence of the state fidelity. Note that this
method is unique to the geometric qubit, since the qubit space and the operational space are separated,
and the difference in the global phase of the microwave does not essentially change the rotation axis
of the geometric qubit.
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FIG. 1 (a) Schematic illustration of a single nitrogen-vacancy center in diamond. (b) V-shaped threelevel system of a spin-1 electron spin. (c) Gate sequence of the dynamical decoupling of the geometric
qubit. N indicates the number of decoupling gates. (d) Transformed level diagram on the rotating
frame of x-polarized microwave. A 2π-rotation in the operational space spanned by the bright state
|+⟩ = (|+1⟩ + |−1⟩)⁄√2 and the ancillary state |0⟩ generates the geometric phase π in the qubit
space spanned by |+⟩ and the dark state |−⟩ = (|+1⟩ − |−1⟩)⁄√2. This rotation serves as a bit-flip
gate, while population leakage from the qubit space to the ancillary space is induced by the angle
error and axis error of the rotation (top). When a detuning ∆ between the qubit space and the
ancillary space is introduced, the relative phase shift between the qubit and ancillary spaces is
accumulated during gate interval time 𝜏 (bottom). (e) Schematic time evolution of |+⟩ in the
operational space during the dynamical decoupling of the geometric qubit under a zero detuning (left),
finite detuning without the resonant condition 𝜏 ≠
the resonant condition 𝜏 =

2𝜋𝑛
∆

(right).
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2𝜋𝑛
∆

(𝑛 ∈ ℕ) (middle), and finite detuning with

We use a single NV center consisting of a nitrogen 14N and a vacancy in type-IIa diamond with a
natural abundance of 13C at room temperature. The experimental setup is the same as that in Ref. [9].
An external magnetic field was applied to carefully compensate for the geomagnetic field of ∼0.045
mT using a permanent magnet with monitoring of the optically detected magnetic resonance (ODMR)
spectrum within 0.1 MHz. The geometric bit-flip gate is performed with Ω = (2π)×25 MHz, which is
not sufficiently larger than the hyperfine splitting induced by the 14N nuclear spin of (2π)×2.2 MHz.
Under the condition without detuning, the numerical calculation indicates that the population leakage
of |+⟩ after the dynamical decoupling of the geometric qubit increases with the number of gates due
to the gate imperfection caused by the state splitting (Fig. 2a). On the other hand, when the detuning
Δ = (2π) × 130 kHz is provided, the population leakage is suppressed except for τ = n×7.7 μs, where
the gate interval time 𝜏 resonates to the detuning (Fig. 2b). Figure 2c shows the experimental results
for the dynamical decoupling of the geometric qubit, whose envelopes agree well with the numerical
simulations, indicating a significant improvement in the state population under the non-resonant
conditions. The absence of high-frequency components based on the

14

N nuclear spin indicates an

inhomogeneous broadening of the state splitting induced by the hyperfine interaction with the carbon
13

C nuclear spin bath. The fluctuation of the dip position is caused by the temperature dependence of

the zero field splitting 74 kHz/K [29], which shifts the detuning. The temperature fluctuation is
around ± 0.2 K, which corresponds to ± 15 kHz. The dip width is narrower for larger N, indicating
that the dip position is more sensitive to the gate interval time due to the longer exposure time under
a detuning. On the condition that the accumulated angle error after N decoupling gates is smaller than
π, a narrower dip can be obtained by increasing N. The dip further narrows by increasing τ [28].
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FIG. 2 (a, b) Numerical simulations for the dynamical decoupling of the geometric qubit with N = 1,
2, 4, and 8 gates depending on the state splitting between qubit basis states under (a) Δ = 0 and (b) Δ
= 130 kHz. Color gradations represent the population of |+⟩ after the decoupling. The state leakage
that the state splitting induces is suppressed by introducing the detuning. (c) Experimental
demonstration of dynamical decoupling of the geometric qubit with detuning. Solid lines show the
experimental results and shaded regions show the leaked population of |+⟩. Dotted lines show the
numerical simulations under Δ = 0 as a comparison, assuming inhomogeneous broadening of state
splitting caused by the carbon nuclear spin bath in a Gaussian distribution (the full width at 1/e is 0.3
MHz) as well as the hyperfine splitting caused by the nitrogen nuclear spin (2.2 MHz). Error bars
indicate standard deviation.

The state fidelity of the geometric qubit is kept about the same even when the gate number of
dynamical decoupling increases to 128, as shown in Fig. 3a. Fitting of the fidelity to
7

(1 − 𝜀0 )(1 − 𝜀gate )

𝑁

shows that the additional error per gate 𝜀gate is as small as 0.03±0.03%, while

the fundamental error including state preparation and measurement error 𝜀0 is as large as 10.2±0.6%.
Here, the state fidelity is given by the average of Tr(𝜌exp 𝜌theo ) over the non-decohered area of the
dynamical decoupling, where 𝜌exp and 𝜌theo denote experimental and theoretical density operators.
Therefore, the coherence time can be appropriately estimated by the coherence envelope normalized
𝜏 𝑝

by the fidelity; this envelope is expressed as exp (− (𝑇 ) ), where p ranges from 1 to 4 (Fig. 3b).
2

The obtained maximum coherence time is 1.9 ms, which is contributed by the spin relaxation time T1.
The geometric spin with the V-shaped system obeys the following relation, where the relaxation time
T1 (in this case, the transition caused by the leak of the green laser for spin initialization is also
included) is involved between the qubit and the ancillary state instead of within the qubit space as for
the typical qubit:
1
𝑇2
pure

where 𝑇2

1

1

(1)

= 𝑇 pure + 𝑇 ,
1

2

is the pure coherence time conditioned on the qubit space and 𝑇2 is the experimentally

observed coherence time. Note that the maximum value of 𝑇2 is limited by 𝑇1 instead of 2𝑇1 for
the conventional dynamic qubit. Figure 3c shows the convergence of 𝑇2 to 𝑇1 ~ 2.6 ms (Fig. 3c
pure

inset) and 𝑇2

pure

derived from Eq. (1). We find that 𝑇2

increases linearly in proportion to the
pure

gate number by fitting the derived data with a power scaling of 𝑇2

∝ 𝑁1±0.09 , which is consistent

with the non-Markovian nature of the nuclear spin bath, where the inter-bath interaction is weak
enough [30,31].
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FIG. 3 (a) State fidelity after dynamical decoupling of the geometric qubit initially in |+⟩ depending
on the number of gates from 1 to 128. The dashed line shows exponential decay fitting. (b) The
coherence envelope normalized by the state fidelity. Solid lines show the fitted decay curve with
𝜏 𝑝

exp (− (𝑇 ) ). (c) The coherence time depending on the number of gates. T2 derived from (b) (blue
2

dots) is limited to T1 (blue region), which is obtained from population decay between |±⟩ and |0⟩
pure

(inset). 𝑇2

(red dots) is estimated by assuming Eq. (1) and linearly fitted (red dashed line). The

linear fitting is reconverted to T2 by Eq. (1) (blue solid line). Error bars indicate standard deviation.
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The previously demonstrated robustness against electric field noise and temperature drift [32], and
enhancement of magnetic field sensitivity [33] in double quantum qubit utilizing ms=±1 states in a
three-level system can also be adapted to our qubit. Moreover, it has been demonstrated that the
degeneracy of our qubit is required for interfacing with photon polarization [23,24], and that the
coherence time in a low magnetic field regime is maximized under a zero magnetic field [9,31].
Although the xy-decoupling scheme shown in Ref. [33] also shows similar operational-errortolerance, the developed scheme is easily implemented and adaptable to other three-level systems
regardless of degeneracy. However, neither approach is completely independent of the prepared state.
Thus, it may be necessary to introduce another rotation axis in a manner similar to the xy-4
sequence [2], in our case based on the polarization instead of the global phase of the microwave, in
order to compensate for anisotropy. Pulse-shaping techniques, including the composite pulse, will be
needed in order to further increase the gate fidelity.
Although the T1 relaxation is inevitable, it can be suppressed remarkably by lowering the
temperature. The relaxation-induced error can be eliminated in principle by heralding the relaxation
event via the single-shot measurement of the population in the ancillary |0⟩ state without
demolishing the qubit state. The heralding technique increases fidelity drastically not only for a
measurement-based quantum computer but also for a quantum repeater, which requires probabilistic
inter-node entanglement generation.
The extended coherence time contributes not only to the long lifetime of quantum memories used
for quantum computers, quantum simulators, and quantum repeaters but also to the extreme
sensitivity of quantum sensors against the DC electric field, AC magnetic field, and temperature under
a zero magnetic field. The developed dynamical decoupling of the geometric qubit would also
introduce a new approach for engineering a robust quantum gate sequence to implement large-scale
quantum information processing.
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