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Extending dephasing time of nitrogen-vacancy center in diamond by suppressing nuclear spin noise
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Nitrogen-vacancy (NV) centers in diamond are a leading competitor for quantum sensing. The resolution of
DC magnetic field sensing is limited by dephasing of the NV electron spin, with the main dephasing source
being the thermal and quantum noise from the 13C nuclear spin bath. In this work, we propose an effective
method to extend the dephasing time of a single NV electron spin by suppressing the nuclear spin noise. On the
one hand, we improve the technique of bath driving to accommodate nuclear spin bath decoupling, and extend
the dephasing time from 2.6 to 10.2 µs at a magnetic field of 455 G. On the other hand, our method enables
decoupling the quantum noise by inserting π rotations around the Z axis of the nuclear spin bath into the free
evolution. By suppressing both the thermal and quantum noise, the dephasing time is extended by more than
four times at 100 G. Our results provide a new route to explore strategies of suppressing the thermal noise and
quantum noise in quantum information processing, and can be applied to other solid-state defects.
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I. INTRODUCTION

The nitrogen-vacancy (NV) center in diamond is a poten-
tial platform for quantum sensing [1–3]. Physical quantities,
such as magnetic field [4–6], electrical field [7,8], temperature
[9–11], and pressure [12], can interact with the NV center and
be measured at nanoscale. Among these applications, sensing
of a DC magnetic field is of great significance in studying
condensed matter [13–15] and biological processes [16–18].

The Ramsey experiment [19] of the NV electron spin is
usually performed to measure the DC magnetic field, and
the sensing precision is limited by dephasing. For NV en-
sembles, the main factor of dephasing is the interaction with
paramagnetic substitutional nitrogen impurities (P1 centers).
In high-purity samples, the dephasing is mainly caused by
the interaction with the 13C nuclear spin bath, the Overhauser
field fluctuations of which have been observed in experi-
ments [20,21]. According to the dephasing mechanism, the
dephasing source can be divided into the thermal noise and
the quantum noise [22], which can be modulated by ad-
justing the magnetic field [23,24]. At strong magnetic fields
(>300 G) the thermal distribution of 13C nuclear spins plays
a main role in dephasing, while at medium magnetic fields
(1 G � B < 300 G) the quantum fluctuation of nearby 13C
nuclear spins will also take effect.

Dynamic nuclear polarization (DNP) [25–30] is an effec-
tive method to suppress the thermal noise of 13C nuclear spins.
However, at weak or medium magnetic fields, the dynamical
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quantum noise can still dephase the electron spin. The isotope
purification technique is useful for reducing the 13C atoms
[31,32], but a high degree of isotope purification is challeng-
ing. Bath driving [33–35] can also enhance the performance
of DC magnetic sensing. It involves decoupling the P1 bath
by inserting flip pulses of P1 centers in the middle of free
evolution or driving the bath with a continuous wave. To
further extend the dephasing time, the interaction with 13C
nuclear spins should be decoupled from the NV electron spin.
However, as the gyromagnetic of the 13C nuclear spins is
orders of magnitudes smaller than P1 centers, the control time
of the inversion pulse is much longer than the dephasing time
of the electron spin, which hinders the application of bath
driving.

The intrinsic 14N nuclear spin of the NV center has been
effectively utilized as a memory, leading to significant im-
provements in resolution for single-spin nuclear magnetic
resonance spectroscopy [36,37]. In this work, we exploit the
14N nuclear spin to store the coherence of the electron spin,
thereby decoupling both the thermal and quantum noise from
the entire 13C nuclear spin bath in the Ramsey procedure.
To address the thermal noise, we improve the technique of
bath driving to facilitate the decoupling of the nuclear spin
bath. By transferring the coherent state of the electron spin
to the 14N register, the long control time of the inversion gate
inserted in the middle of free evolution will not cause dramatic
dephasing. We experimentally demonstrate the proposal and
extend the dephasing time from 2.6 to 10.2 µs at 455 G. In
addition, by inserting π rotations around the Z axis of the nu-
clear spin bath into the free evolution, the quantum noise can
be effectively suppressed. After decoupling both thermal and
quantum noise experimentally, the dephasing time is extended
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from 1.8 to 7.8 µs at 100 G. Our study can be combined with
the isotope purification technique to improve DC magnetic
field sensing, and will also be beneficial to other quantum
information applications limited by dephasing.

II. DEPHASING IN THE NV SYSTEM

An NV center consists of a substitutional nitrogen atom
and an adjacent vacancy in the diamond crystal lattice. Apart
from the spin-1 electron spin and 14N nuclear spin, there are
spin-1/2 13C nuclear spins randomly distributed in the lattice
with 1.1% natural abundance, which are potential qubits for
quantum information processing, as well as the dephasing
source for the electron spin. Applying a magnetic field Bz

along [111]-crystallographic axis, the Hamiltonian of the NV
electron spin interacting with the bath of 13C nuclear spins can
be described as

He-C = DS2
z + γeBzSz +

∑
j

γCBzI
j

z +
∑

j,i

SzA
j
i I j

i , (1)

where D = 2π × 2.87 GHz is the electronic zero-field split-
ting, γe (γC) is the gyromagnetic ratio of the electron (nuclear)
spin, subscript i ∈ x, y, z denotes the axis of nuclear spin, Aj

i
is the coupling strength between the electron spin and the jth
13C nuclear spin, and Sz (I j

i ) is the spin-1 (spin-1/2) operator
of the electron ( jth nuclear) spin. The weak interactions be-
tween nuclear spins are neglected in the timescales considered
here. The dephasing noise to the electron spin is caused by the
coupling term in Eq. (1) and can be divided into thermal noise
and quantum noise by dephasing mechanism [22]:

(i) Thermal noise. The diagonal part of the coupling term∑
j A j

z I j
z contributes a quasistatic noise Bth = ∑

j A j
i 〈I j

z 〉b to
the electron spin, where the angle bracket 〈·〉b denotes an
average over the bath state.

(ii) Quantum noise. The off-diagonal part of the coupling
term

∑
j (A

j
xI j

x + Aj
yI j

y ) causes the dephasing of the electron
spin by generating entanglement. At a strong magnetic field
Bz, it can be suppressed by the Larmor precession

∑
j γCBzI

j
z .

Applying a microwave with frequency ωe, the detuning
frequency � = D − ωe − γeBz can be measured with the
Ramsey experiment in the subspace of the electron spin, e.g.,
mS = 0 and mS = −1. In the Ramsey experiment, the electron
spin is first prepared in a coherent state with a π/2 pulse. After
a free evolution, a second π/2 pulse is applied before readout.
From the readout signal, we can estimate the dephasing time
T ∗

2 and the detuning frequency �, and therefore the magnetic
field applied (Appendix A).

III. DECOUPLING THE THERMAL NOISE

Thermal noise is the main dephasing factor for the electron
spin at strong magnetic fields [22]. Our method of decoupling
the thermal noise is similar to bath driving. As sketched in
Fig. 1(a), during the first free evolution (τ/2), 13C nuclear
spins contribute a magnetic field Bth to the electron spin, and
the electron spin will accumulate a phase θth. After the bath
inversion pulse, the 13C nuclear spins and thus the thermal
noise are flipped, so the phases accumulated in the two free
evolutions cancel each other out (Appendix A).

(a)

(b)

FIG. 1. The principle of decoupling the thermal noise. (a) The
diagram of decoupling the thermal noise. The 13C nuclear spins and
thus the thermal noise (Bth) are flipped by the bath inversion pulse,
and the phases (θth) accumulated in the two periods of free evolution
cancel each other out. (b) The experimental sequence of decoupling
the thermal noise. A π pulse (Rπ ) is applied to invert the 13C bath
in the middle of free evolution. The transfer operation is utilized
to transfer the coherent state of the electron spin to the 14N nuclear
spin. Lower left panel: details of the transfer operation. Lower right
panel: the energy levels of the electron spin (mS = 0, −1) and the
14N nuclear spin (mI = 1, 0) used to form a two-qubit system. MW
(RFN) represents the conditional driving frequency of the electron
(14N nuclear) spin.

The decoupling sequence is shown in Fig. 1(b), where a
radio-frequency (RF) π pulse (Rπ ) is applied to invert the
13C bath midway through the Ramsey sequence. To over-
come the problem that the duration of the inversion pulse is
much longer than the dephasing time of the electron spin,
we utilize the intrinsic 14N nuclear spin as a register for
coherence. We transfer the state of the electron spin to the 14N
nuclear spin before the inversion pulse and after we transfer
back.

The energy levels of the electron spin and the 14N nuclear
spin used to form a two-qubit system are shown in the lower
right panel of Fig. 1(b), where MW (RFN) represents the
conditional driving frequency of the electron (nuclear) spin.
14N nuclear spin can be effectively polarized to |1〉N via the
excited state level anticrossing (ESLAC) [38–40] at our ap-
plied magnetic field of 455 G. When outside the magnetic
field range of ESLAC, the register spin can also be initialized
with a “kick out” pulse [41] or swap-like gates [42]. The
transfer operation is implemented as shown in the lower right
panel of Fig. 1(b). The 14N nuclear spin can be manipulated
by decoherence-protected gates [43] or DDrf [44], in which
the coherence of the electron spin is protected by dynamical
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FIG. 2. Decoupling the quantum noise. (a), (b) Nuclear magnetic resonance and Rabi oscillation of two 13C nuclear spins around the NV
center. (c) The amplitude and phase of an adiabatic inversion pulse with the maximum amplitude set as 3 kHz and duration 1 ms. (d) Signals
of the ordinary Ramsey method and after decoupling the thermal noise at a magnetic field of 455 G. Upper: Ramsey signal of the NV electron
spin in our sample, and the dephasing time T ∗

2 is estimated to be 2.6(2) µs, where the number in the parentheses indicates the uncertainty in the
last digit. Middle: We use a hard pulse to invert the bath, and T ∗

2 is extended to 5.4(8) µs. Lower: Utilizing adiabatic inversion pulse to invert
the bath, T ∗

2 is extended further to 10.2(14) µs. We fit the experimental data by considering the strongly coupled 13C nuclear spin. Inset: The
FWHM of these three signals. The error bars are ±1 standard deviation.

decoupling (DD), while the nuclear spin is driven by RFN

during the time interval between the π pulses. The conditional
gate on the electron spin C-Rπ

x can be realized by a microwave
with the strength of AN/

√
3 to cover the whole 13C nuclear

spin bath, where AN = 2.16 MHz is the coupling strength
between the electron spin and the 14N nuclear spin. More
information about the transfer operation can be found in the
Supplemental Material [45].

After the state is transferred, the electron spin will be in
|0〉e, and all the weakly coupled 13C nuclear spins will have
the same resonance frequency. Therefore, we can flip the
whole 13C bath by an RF pulse, while the coherence stored
in the 14N nuclear spin is protected. It is worth noting that we
actually have constructed a hybrid sensor: the electron spin is
sensitive to the external magnetic field, while the 14N nuclear
spin has long coherence time.

To calibrate the control parameters of 13C nuclear spins,
we initialize and control strongly and weakly coupled
13C nuclear spins with the method in [46]. Figures 2(a)
and 2(b) are nuclear magnetic resonances and Rabi os-
cillations when the electron spin is in |0〉e, from which
the resonance frequency and π pulse can be determined;
see Supplemental Material for more details [45] (see also
Refs. [47–49] therein). The large difference of Rabi frequency
results from the g-tensor enhancement of the strongly cou-
pled 13C nuclear spin by the electron spin [50], while the

resonance frequency deviates because of the magnetic field
misalignment.

The comparison between the signals without and with our
method are displayed in Fig. 2(d). The upper part shows the
signal of the ordinary Ramsey method. The dephasing time
T ∗

2 is estimated to be 2.6(2) µs, and the beat pattern results
from the strongly coupled 13C nuclear spin. The middle part
of Fig. 2(d) shows that T ∗

2 is extended to 5.4(8) µs by the hard
pulse. We can optimize the RF frequency, phase and duration
of the hard pulse to get a better π pulse for the whole bath. Al-
ternatively, we consider a shaped pulse of adiabatic inversion
[51–53] as shown in Fig. 2(c), which is more robust against
errors of control amplitude and of being off resonance [45].
With the shaped pulse, more nuclear spins can be inverted,
and T ∗

2 is further extended to 10.2(14) µs in the lower part
of Fig. 2(d). In this case, the beat signal is caused by the
strongly coupled nuclear spin during the transfer operation.
By fitting the Fourier transform spectra of these three signals
[25,45], we extract the full width at half maximum (FWHM)
linewidth in the inset of Fig. 2(d), which indicates a narrowing
linewidth, leading to an improved resolution of DC magnetic
field. The performance of our method is affected by gate
fidelity, such as the fidelity of the transfer operation. The
transfer efficiency will influence the signal amplitude and thus
the signal-to-noise ratio. In addition, the off-diagonal part of
the coupling term in Eq. (1) will cause extra noise because the
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FIG. 3. Decoupling both the thermal and quantum noise. (a) The experimental sequence of decoupling both the thermal and quantum noise.
The swap-like gates to polarize the 14N nuclear spin are not shown. (b) The entanglement operation can be realized by hard pulses. (c) Inserting
an Rπ

z gate in the middle of every free evolution to suppress the quantum noise, where the circuit in the dashed box is repeated N times. (d) The
experimental results at a magnetic field of 100 G. Upper: The signal of the ordinary Ramsey method (S1). T ∗

2 is estimated to be 1.8(1)
µs. Middle: Signals after decoupling the thermal noise (S2). T ∗

2 is extended to 4.2(5) µs. Lower: Signals after decoupling both the thermal
and quantum noise (S3). We insert eight Rπ

z gates, and T ∗
2 is extended further to 7.8(9) µs. The fitting function is S(τ ) = ∑n

i Ai cos(ωiτ +
φi )e−(τ/T ∗

2 )2 + C, with n = 3 for S1 and n = 1 for S2 and S3. Inset: The FWHM of these three signals. The error bars are ±1 standard
deviation.

Hamiltonians of the 13C nuclear spin bath during the free evo-
lution and during the transfer operation are noncommuting. At
our applied magnetic field of 455 G, the noise caused by the
weakly coupled 13C nuclear spins can be suppressed by the
Larmor precession. Other limitations include the temperature
drifts, heating effect from the pulses, magnetic fluctuations,
and so on.

IV. DECOUPLING THE QUANTUM NOISE

When the external magnetic field gets weaker, the off-
diagonal part of the coupling term in Eq. (1) will be
comparable to the Larmor precession and also dephase the
electron spin, and the noise caused by the transfer operation in
Fig. 1(b) will get noticeable. Therefore, we propose a method
to suppress the off-diagonal part at a medium magnetic field.

To reduce the noise during the transfer operation, we up-
grade the experimental sequence, as illustrated in Fig. 3(a).
We move the conditional gate on the 14N nuclear spin in the
transfer operation to the green box to entangle the two spins,
in which case we only need a conditional gate C-Rx to drive
the electron spin to |0〉e and the accumulated phase in the free
evolution (τ/2) will be stored in the 14N nuclear spin. The
operation in the green box can also be realized by hard pulses,
as shown in Fig. 3(b). To further suppress the quantum noise
during phase accumulation, we divide the free evolution into
N pieces and insert an Rπ

z pulse in the middle of each piece,
as described in Fig. 3(c). In the subspace of mS = −1, the
evolution of the jth 13C nuclear spin will become

U j
1

(
τ

4N

)
Rπ

z U j
1

(
τ

4N

)
≈

[
I − i

(
γCBzI

j
z − Aj

z I j
z
)
τ

2N

]
Rπ

z , (2)

where U j
1 (τ/4N ) = exp[−i(γCBzI

j
z − Aj

xI j
x − Aj

yI j
y − Aj

z I j
z )τ

/4N], which means the off-diagonal part is decoupled to the
first order. The approximations hold true when Aj

x/y/zτ/4N �
1, so we can get a better decoupling effect by dividing the
whole evolution into more pieces (Appendix B).

The Rπ
z gate can be realized by a free precession of π/γCBz,

before which a conditional gate is utilized to drive the electron
spin to |0〉e, so that all the 13C nuclear spins will precess at a
speed of γCBz. When the magnetic field is not too weak, we
can also use a DD sequence to approximate the Rπ

z gate, such
as XY8 [54,55], which is robust against pulse errors. The DD
sequence can decouple the electron spin and the spin bath, and
the jth 13C nuclear spin will get an average Hamiltonian

Havg =
(

γCBz − Aj
z

2

)
I j
z − Aj

x

2
I j
x − Aj

y

2
I j
y . (3)

If we select the total time of DD to be π/γCBz,
the jth 13C nuclear spin will realize a rotation along
(Aj

x/2, Aj
y/2, γCBz − Aj

z/2) with a degree of ωavgπ/γCBz,

where ωavg =
√

(γCBz − Aj
z/2)2 + (Aj

x/2)2 + (Aj
y/2)2.

We adjust the magnetic field to 100 G to demonstrate
the efficiency of decoupling the quantum noise, as shown
in Fig. 3(d). The signal of the ordinary Ramsey method is
displayed in the top, labeled as S1. T ∗

2 is estimated to be
1.8(1) µs, and the beat pattern is caused by the strongly cou-
pled 13C nuclear spin and the unpolarized 14N nuclear spin.
After only decoupling the thermal noise, T ∗

2 is extended to
4.2(5) µs as shown in the middle (S2). The signal in the bottom
(S3) is obtained by inserting eight Rπ

z gates (four before the Rπ

and four after), and T ∗
2 is further extended to 7.8(9) µs. We

simply use the function S(τ ) = A cos(ωτ + φ)e−(τ/T ∗
2 )2 + C
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FIG. 4. Decoupling the thermal noise utilizing a stronger RF
power. Inset: closeup for the signals around 40 µs.

to fit signals S2 and S3. We also perform numerical simu-
lations at a weaker magnetic field by randomly generating
configurations of 13C bath including about 500 13C nuclear
spins with 1.1% natural abundance, as shown in Appendix B.

V. CONCLUSION

We propose a method to extend T ∗
2 of a single NV center

in a high-purity diamond sample with 13C nuclear spins as
the main dephasing source. Utilizing the intrinsic 14N nuclear
spin as the coherence register, we invert the 13C nuclear spin
bath to decouple its thermal noise at 455 G. The dephasing
time T ∗

2 is extended from 2.6 to 5.4 µs by a hard pulse and
10.2 µs by a robust adiabatic pulse. Furthermore, we de-
couple the quantum noise to the first order by dividing the
free evolution into pieces and inserting an Rπ

z of the nuclear
spin bath into every piece. Combining with the thermal noise
decoupling, T ∗

2 is extended by more than four times at 100
G. Our findings provide a new avenue for investigating the
dephasing mechanism caused by the nuclear spin bath [56,57].

These results have potential implications for exploring novel
strategies for mitigating thermal and quantum noise in quan-
tum information processing. Additionally, our proposal can
also be readily adapted to a wide variety of other solid-state
defects, such as silicon-vacancy center in diamond [58] and
silicon carbide [59].

In terms of sensitivity, our method is primarily constrained
by the extended duration of the inversion pulse, which reduces
the benefits of dephasing time enhancement. Furthermore, the
prolonged duration leads to an increase in magnetic drifts,
thereby diminishing the efficiency of extension. Another fac-
tor that limits the performance of our method is the RF power.
We increase the RF power to invert the spin bath and see
oscillation around 40 µs, as shown in Appendix A. Therefore,
a more effective design of the RF transmitter, such as imple-
menting a coil circuit [60], will be beneficial to our method.
As the dephasing time is further extended, the weak intrabath
evolution, dominated by the flip-flop interactions between
spin pairs [22], starts to influence the decoupling efficiency.
To counteract this, we can repeat the decoupling process in
the dashed box in Fig. 1(b).
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APPENDIX A: DETAILS OF DECOUPLING
THE THERMAL NOISE

In the rotating frame of Urot = eiωetS2
z and constructing the

computational qubit |0〉 and |1〉 with mS = 0,−1, Eq. (1) can
be written as

H eff
e-C = |0〉〈0|

∑
j

γCBzI
j

z + |1〉〈1|
⎛
⎝∑

j

γCBzI
j

z −
∑

j

∑
i

A j
i I j

i + �

⎞
⎠ = |0〉〈0|

∑
j

H j
0 + |1〉〈1|

⎛
⎝∑

j

H j
1 + �

⎞
⎠, (A1)

where H j
0 = γCBzI

j
z and H j

1 = γCBzI
j

z − ∑
i A j

i I j
i are the Hamiltonians of the jth 13C nuclear spin when mS = 0 and mS = −1,

and � = D − ωe − γeBz is the detuning frequency. After the Ramsey measurement as described in Sec. II, the readout signal
can be calculated as

S(τ ) = 1

2
− cos �τ

2

∏
j

Tr

[
U j†

0 (τ )U j
1 (τ )

2

]
, (A2)

where U j
0 (τ ) = e−iH j

0 τ and U j
1 (τ ) = e−iH j

1 τ are the evolution operators of the jth 13C nuclear spin when mS = 0 and mS = −1,
and τ is the free evolution time. The cumulative product in Eq. (A2) contributes an exponential decay [22]. We insert an inversion
pulse in the middle of free evolution to decouple the thermal noise. Without loss of generality, we set the inversion pulse as Rπ

x ,
and the cumulative product can be recast as∏

j

1

2
Tr

[
U j†

0 (τ/2)Rπ
−xU

j†
0 (τ/2)U j

1 (τ/2)Rπ
x U j

1 (τ/2)
]

=
∏

j

1

2
Tr

[
Rπ

−xe−i(γCBzI j
z −∑

i A j
i I j

i )τ/2Rπ
x e−i(γCBzI j

z −∑
i A j

i I j
i )τ/2

] =
∏

j

1

2
Tr

[
ei(γCBzI j

z +Aj
xI j

x −Aj
yI j

y −Aj
z I j

z )τ/2e−i(γCBzI j
z −Aj

xI j
x −Aj

yI j
y −Aj

z I j
z )τ/2

]

≈
∏

j

1

2
Tr

[
ei(γCBz−Aj

z )τ I j
z /2e−i(γCBz−Aj

z )τ I j
z /2

] = 1, (A3)
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FIG. 5. Results of numerical simulations for four different spin baths (a)–(d). With a weak magnetic field of 50 G, the signal with the
thermal noise decoupled is limited by the quantum noise. In contrast, by inserting eight Rπ

z gates (four before the Rπ and four after), the
dephasing time is extended substantially.

where we neglect the off-diagonal part because a strong ex-
ternal magnetic field is considered here. For the same reason,
when we use the decoupling procedure in Fig. 1(b), the evo-
lution during the transfer operation can also be neglected.
Equation (A3) shows that the thermal noise can be decoupled,
and the experimental results are displayed in Fig. 2(d). We
increase the RF power to invert the bath spins as shown in
Fig. 4. The amplitude of the signal is increased compared to
the main text, and an oscillation around 40 µs can be observed.
However, we cannot have a proper fitting to the signal, and
we mainly attribute it to the temperature drifts and magnetic
fluctuations over the long experiment periods. Moreover, the

signal comprises rich information about the 13C bath, which
requires further study.

APPENDIX B: DETAILS OF DECOUPLING
THE QUANTUM NOISE

At a medium magnetic field, as shown in the Fig. 3, we can
decouple the quantum noise by dividing the free evolution into
N pieces and inserting an Rπ

z gate on the 13C nuclear spins
in the middle of every piece. The divided free evolution is
[U d

e-C(τ/2N )]N , and U d
e-C(τ/2N ) can be described as

U d
e-C(τ/2N ) = Ue-C(τ/2N ) · ⊗ jR

π
z, j · Ue-C(τ/2N )

= [|0〉〈0| ⊗ j U j
0 (τ/4N ) + |1〉〈1| ⊗ j U j

1 (τ/4N )
] · ⊗ jR

π
z, j · [|0〉〈0| ⊗ j U j

0 (τ/4N ) + |1〉〈1| ⊗ j U j
1 (τ/4N )

]
= |0〉〈0| ⊗ j U j

0 (τ/4N ) · Rπ
z, j · U j

0 (τ/4N ) + |1〉〈1| ⊗ j U j
1 (τ/4N ) · Rπ

z, j · U j
1 (τ/4N ), (B1)

where we omit the detuning frequency, and we have

U j
0 (τ/4N ) · Rπ

z, j · U j
0 (τ/4N ) = U j

0 (τ/2N ) · Rπ
z, j (B2)
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and

U j
1 (τ/4N ) · Rπ

z, j · U j
1 (τ/4N ) = e−i(γCBzI j

z −Aj
xI j

x −Aj
yI j

y −Aj
z I j

z )τ/4N · Rπ
z, j · e−i(γCBzI j

z −Aj
xI j

x −Aj
yI j

y −Aj
z I j

z )τ/4N

= e−i(γCBzI j
z −Aj

xI j
x −Aj

yI j
y −Aj

z I j
z )τ/4N e−i(γCBzI j

z +Aj
xI j

x +Aj
yI j

y −Aj
z I j

z )τ/4N · Rπ
z, j

≈ [
I − i

(
γCBzI

j
z − Aj

xI j
x − Aj

yI j
y − Aj

z I j
z

)
τ/4N

][
I − i

(
γCBzI

j
z + Aj

xI j
x + Aj

yI j
y − Aj

z I j
z

)
τ/4N

] · Rπ
z, j

≈ [
I − i

(
γCBzI

j
z − Aj

z I j
z

)
τ/2N

] · Rπ
z, j . (B3)

We can see that the off-diagonal part is decoupled to the first order. The approximations hold true when Aj
x/y/zτ/4N � 1. So we

can get a better decoupling effect by dividing the whole evolution into more pieces.
With regard to the numerical simulations, we randomly generate four configurations of 13C bath, including about 500 13C

nuclear spins with 1.1% natural abundance. For simplicity, we only consider the dipole-dipole interactions with the electron spin.
The Rπ

z gate can be achieved by a free precession of duration π/γCBz, as described in the main text. By utilizing a conditional
gate, we can drive the electron spin to |0〉e, causing all the 13C nuclear spins to precess at a speed of γCBz. Here we assume that
the Rπ

z gates are ideal, so that the dynamics of the system is solvable. The simulation results are shown in Fig. 5. With a weak
magnetic field of 50 G, the signal with the thermal noise decoupled is limited by the quantum noise. However, by inserting eight
Rπ

z gates (four before the Rπ and four after), the dephasing time is extended substantially.
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