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The extension of spin coherence times is a crucial issue for quantum information and quantum sensing.
In solid-state systems, suppressing noise through various techniques has been demonstrated. On the other
hand, an electrical control for suppression is important toward individual controls of on-chip quantum-
information devices. Here, we show electrical control for extension of the spin coherence times of 40-
nm-deep ion-implanted single-nitrogen-vacancy center spins in diamond by suppressing magnetic noise.
We apply 120 V dc across two contacts spaced by 10 μm. The spin coherence times, estimated from a
free-induction decay and a Hahn-echo decay, are increased up to about 10 times (reaching 10 μs) and 1.4
times (reaching 150 μs), respectively. From the quantitative analysis, the dominant decoherence source,
depending on the applied static electric field, is elucidated. Electrical control for extension can deliver a
sensitivity enhancement to the dc sensing of temperature, pressure, and electric (but not magnetic) fields,
opening up an alternative technique in solid-state quantum-information devices.

DOI: 10.1103/PhysRevApplied.14.044033

I. INTRODUCTION

In quantum sensing [1–21] and quantum-information
science [22–26], long coherence times are crucially impor-
tant. The improvement in sensitivity is inversely propor-
tional to the square root of the coherence times [1–9].
Additionally, their increase directly improves quantum-
memory times [1–5,22–25] and quantum-gate fidelity
[26,27] in quantum-information devices. Among solid-
state systems, a negatively charged nitrogen-vacancy
(N-V) center in diamond is significantly interesting
because it has a long coherence time [1–5,22] and high
sensitivity with a nanometer-scale resolution [6–15]. It has
been eagerly investigated to realize applications such as
high-precision magnetic [6,7,16] and electric field sens-
ing [8–11,17], thermometry [12,13], sensing in or on living
cell [13–15], quantum metrology [18,19], pressure sensing
[20,21], and quantum-information processing [22–25].

Among the techniques to produce N-V centers for quan-
tum sensing, the ion-implantation technique is the most
effective way to deliberately put N-V centers very close to
the surface with nanoscale resolution [28], which is needed

*mizuochi@scl.kyoto-u.ac.jp

for nanoscale sensing of matter outside the diamond, as
well as to have the best spatial resolution for sensing [7].
However, it is well known that the ion-implanted N-V cen-
ters have much shorter coherence times compared with
the best ones due to defects created during ion implanta-
tion [7,29,30]. Therefore, a technique to improve the spin
coherence time is important.

Extension of the spin coherence time has been demon-
strated by suppressing noise through various techniques,
such as tailored dynamic decoupling [31–35], measure-
ments at low temperature [3], measurements at high
magnetic field [36], and decoupling by fast charge-state
changes with high-power laser irradiation [22], in addi-
tion to removal of noise sources by growth techniques
[1,2,4,5]. On the other hand, the realization of suppres-
sion by an electric field is important [37–39] because the
electric field can be locally controlled in individual on-chip
devices, such as a scalable quantum device in a dense array
[37–39] and a quantum sensing device. Furthermore, it
does not need huge energy consumption facilities for oper-
ation and rare materials synthesized by isotopes without a
nuclear spin.

Electrical control is challenging because the electric
fields do not couple directly to the spin, unlike the
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magnetic field. Previously, the static electric field depen-
dence on magnetic resonance frequencies of the N-V center
was reported [17]. By using the dependence, application
of the N-V center to nanoscale electric field sensors was
demonstrated [8,10]. In previous research [8], analysis of
the electronic structure of the N-V center reveals how an
applied magnetic field influences the electric-field-sensing
properties. Here, coherence times, which are estimated
from a free-induction decay (T FID

2 ) and a Hahn-echo decay
(T echo

2 ), are measured in the externally applied static elec-
tric field. We report the increase of T FID

2 and T echo
2 under

the electric field and discuss the mechanism.

II. EXPERIMENTAL METHOD

The N-V center is a well-studied defect in diamond. It
consists of a substitutional nitrogen atom adjacent to a
vacancy site. The spin triplet of the ground state exhibits
zero-field splitting of Dg.s./h ≈ 2.87 GHz between ms = 0
and degenerate ms = ±1 spin sublevels, where h is the
Planck constant. The spin state of the triplet can be polar-
ized and read out by an optical excitation and a photolu-
minescence (PL) intensity measurement. Owing to these
properties, the electron-spin resonance of the N-V center
can be sensed by optically detected magnetic resonance
(ODMR) techniques.

In our experiment, N-V centers are created by ion
implantation and subsequent annealing on an IIa (100)

single-crystalline diamond substrate. Nitrogen-14 (14N ),
with a natural abundance concentration (99.6%), is
implanted at a depth of about 40 nm by ion implanta-
tion with a kinetic energy of 30 keV. Electrodes and an
antenna, to apply an electric field and microwaves, respec-
tively, are formed on the substrate [Fig. 1(a)]. From the
current-voltage property of the structure to apply an elec-
tric field [Fig. 1(b)], it is supposed that the voltage at the
interface between the diamond and the electrode is zero
and the electric field strength in diamond bulk is linearly
proportional to the applied electric field (see Appendix A).
The direction and strength of the electric field in diamond
are simulated numerically [Fig. 1(c)]. The dots marked by
“N-V1”, “N-V2”, and “N-V3” indicate the positions of the
N-V centers. The estimated direction of the electric field
for each N-V center is almost parallel to the y axis with a
polar angle, θE , of 89° or 91° and an azimuth angle, ϕE , of
90° or 270° in the N-V coordinate system [Fig. 1(d)]. As
shown in Fig. 1(e), the N-V axes of N-V1, N-V2, and N-
V3 are parallel to one of the following axes: [1̄1̄1], [111],
[111̄], or [1̄1̄1̄].

III. RESULTS AND DISCUSSION

Figure 2(a) shows the magnetic resonance spectra of N-
V1 obtained by ODMR, while Fig. 2(b) plots the resonance
frequencies from the fit with six Gaussian functions. Since
six resonance signals are observed at each electric field, it

N-V3 N-V2 N-V1

(a) (b)

(d)

(c)

(e)

FIG. 1. (a) Schematic image
of the measurement setup.
(b) Current-voltage property
between the electrodes on the
sample. Linear I -V property is
observed. (c) Distribution of
the electric field strength with
100 V between the electrodes.
Dots marked as N-V1, N-V2,
and N-V3 indicate the positions
of the N-V centers of N-V1,
N-V2, and N-V3, respectively.
(d) Coordinate system of the N-V
centers. (e) Schematic images
of the directions of N-V axes.
N-V axes of N-V1, N-V2, and
N-V3 are parallel to one of the
following axes: [1̄1̄1], [111],
[111̄], or [1̄1̄1̄].
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(a) (b)

FIG. 2. (a) ODMR spectra under various electric fields. Plots
represent the experimental results of N-V1. Solid lines represent
the fitted curves using six Gaussian functions. (b) Electric field
dependence of the resonance frequencies. Plots represent the esti-
mated resonance frequencies from the experimental results of
N-V1. Solid lines represent the fitted curves calculated from the
spin Hamiltonian of the ground-state electron, Eq. (1), with the
hyperfine interaction and quadrupole interaction of 14N , Eq. (2).

seems that the N-V electron spin interacts with a nuclear
spin of 14N (I = 1). Thus, the z component of the external
magnetic field, Bz, can be estimated from the obtained res-
onance frequencies at zero electric field. The estimated Bz
values for N-V1, N-V2, and N-V3 are 13, 12, and 11 µT,
respectively. The magnetic fields are likely from a resid-
ual field and/or the Earth’s magnetism. As we increase the
electric field, the spectral width becomes narrower and the
resonance frequency shift becomes larger. From the nar-
rowing of the spectral width, an increase in the coherence
time by the electric field is inferred. Regarding the shifts
in the resonance frequencies by the electric field, fittings
based on the spin Hamiltonian of the ground triplet state
are used in the quantitative analysis. The Hamiltonian is
expressed as

Hg.s. = 1
�2 (Dg.s. + d‖

g.s.Ez)

[
Sz

2 − 1
3

S(S + 1)

]
(1)

+ 1
�2 d⊥

g.s.[Ex(Sy
2 − Sx

2)

+ Ey(SxSy + SySx)] + 1
�

μBgeS · B,

where �, μB, and ge are the reduced Planck con-
stant, the Bohr magneton, and the g factor of the
electron spin, respectively. S is a spin operator and
the spin quantum number of the N-V center is one
(S = 1). d||

g.s./h = (0.35 ± 0.02) kHz cm/kV and d⊥
g.s./h =

(17 ± 3) kHz cm/kV [17] are the measured axial and non-
axial components of the ground triplet-state electric dipole
moment, respectively. To consider the effect of the 14N

nuclear spin, the Hamiltonian describing the hyperfine
interaction with the nuclear spin and the quadrupole inter-
action of the 14N is introduced into the spin Hamiltonian,
Eq. (1). The introduced Hamiltonian is given as

Hhfc = 1
�2 [A||SzIz + A⊥(SxIx + SyIy) + PIz

2], (2)

where A||/h = –2.1 MHz and A⊥/h = − − 2.7 MHz [40]
are the axial component and the nonaxial component of the
hyperfine interaction, respectively. I represents the nuclear
spin of 14N , and P/h = –5.0 MHz [39] is the strength of the
quadrupole interaction of the 14N nucleus.

The resonance frequencies at each electric field are
determined by a numerical calculation and fitted to exper-
imental results, where the free parameter of the fitting is
the nonaxial components of the electric dipole moment
d⊥

g.s.. Bz is set to the estimated value from the spectrum
at zero electric field. Bx and By are set to zero because
their contributions are negligible under the conditions of
Dg.s. �μBgeB and Dg.s. � d⊥

g.s.E⊥.
Figure 2(b) shows the fitted curves as a solid line. The

curves fit well with the experimental results, and d⊥
g.s. is

estimated to be d⊥
g.s./h = 19, 16, and 16 kHz cm/kV for

N-V1, N-V2, and N-V3, respectively. The estimated val-
ues agree with the measured value of d⊥

g.s./h = (17 ±
3 )kHz cm/kV within the margin of error. These results
indicate that the spin Hamiltonian given by Eq. (1) is valid
in the range of a high electric field to about 100 kV/cm
for the nonaxial component of the electric field effect on
the ground-state electron spin of the N-V center. Addition-
ally, we measure the shifts of the resonance frequencies
at a range of about ±100 kV/cm. The shifts behave as
even functions with respect to the applied electric field.
The result, indicating no electric-field-polarity dependence
of the shifts, is consistent with the spin Hamiltonian (see
Appendix B).

It is worth mentioning that, in Figs. 2(a) and 2(b), the
hyperfine splitting observed in the ODMR seems to be
weaker, as we increase the amplitude of the applied electric
fields. This effect can be understood as follows. The hyper-
fine coupling effect on the N-V center from the nuclear spin
can be interpreted as the effective Zeeman energy induced
by magnetic fields from the nuclear spin. However, under
the electric fields, the Zeeman splitting due to the magnetic
fields will be suppressed. This means that the hyperfine
splitting is also suppressed by applying the strong electric
fields.

In previous research [41], it is shown that the frequency
shifts of the magnetic resonance become dependent on
the transverse orientation of the electric and magnetic
field (i.e., φE and φB, where tanφE = Ey/Ex and tanφB =
By/Bx), if the electric and magnetic fields perpendicular to
the N-V axis (E⊥ and B⊥) are simultaneously applied. They
derive the equation for this dependence for the case that E⊥
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and B⊥ are simultaneously applied, which is valid in the
limit μ2

BB2
⊥/2Dg.s. � d⊥

g.s.E⊥. In our research, the geomag-
netic field is unintentionally applied, although we do not
know the direction of the geomagnetic field with respect
to the N-V axis. Even if its direction is in the transverse
plane, the applied electric field in our experiment is strong
enough to satisfy the relation μ2

BB2
⊥/2Dg.s. � d⊥

g.s.E⊥. As
shown in their paper, in the presence of either an elec-
tric filed or a magnetic field, the resonance frequencies
depend on the alignment of the electric and magnetic field
with the center’s major symmetry axis (i.e., θE and θB), but
do not depend on the transverse orientation of the electric
and magnetic field (i.e., φE and φB), where tanθE = E⊥/Ez
and tanθB = B⊥/Bz. Therefore, in our experiment, we can
assume that the resonance frequencies do not depend on
φE and φB.

To measure the coherence time, the microwave fre-
quency is set to the arrowed transition shown in Fig. 2(a)
and applying a weak microwave selectively excites the res-
onance. The resonance is related to the 14N nuclear spin
state of mI = 0, where the effect of the hyperfine inter-
action on the resonance frequency is quite small. In this
study, we characterize two kinds of coherence times: T FID

2
and T echo

2 . To measure the FID and the Hahn-echo sig-
nal, the Ramsey sequence and the Hahn-echo sequence, as
depicted in Figs. 3(a) and 4(a), respectively, are employed.
Figures 3(b) and 4(b) show the decay curves of the PL
intensity as a function of τ , corresponding to the loss
of coherence obtained from N-V1. Both T FID

2 and T echo
2

increase as the external electric field strength increases.

(a)

(b) (c)
N-V1

N-V1

d ┴
g.s E┴/µBgeBz

N-V2
N-V3

FIG. 3. (a) Ramsey pulse sequence to measure T FID
2 . (b) Decay

curves of the free-induction decay of N-V1. Fit function of
f FID(τ ) = y0 + Aexp[ − (τ/T FID

2 )2] is employed. In 0 kV/cm,
two data are represented as circles and pluses. (c) Electric field
dependence of T FID

2 . Horizontal axis, which represents the elec-
tric field strength, is normalized by the magnetic field along the z
axis. Dashed curve represents the fitted curve for N-V1. Chained
curve represents the fitted curve for N-V2.

(a)

(b) (c)
N-V1

N-V1

d ┴
g.s E┴/µBgeBz

N-V3

FIG. 4. (a) Hahn-echo pulse sequence to measure T echo
2 . (b)

Decay curves of the Hahn-echo signal of N-V1. Fit function of
f echo(2τ) = y0 + Aexp[ − (2τ/T echo

2 )3] is employed. (c) Elec-
tric field dependence of T echo

2 . Horizontal axis, which represents
the electric field strength, is normalized by the magnetic field.
Dashed curve represents the fitting curve with magnetic field
fluctuation only. Solid curve represents the fitting curve with
magnetic and electric field fluctuations.

T FID
2 and T echo

2 increase up to about 10 and 1.4 times,
respectively. The decay curves of the free-induction decay
of N-V2 and N-V3 are shown in Appendix C.

The dynamics of the N-V electron spin in bulk diamond
are influenced by the locally fluctuating magnetic field
induced by the surrounding spins (the spin bath) [2,42].
The impact of the spin bath on a N-V electron spin is lim-
ited to dephasing due to a fluctuating magnetic field along
the N-V’s quantization axis [31,36]. The magnetic field
noise is represented by adding an effective noise term of
μBgebz(t), where bz(t) denotes the magnetic field from
the spin bath. We assume that the spin bath can have
temporal fluctuations, and thus, we consider bz(t) as ran-
dom magnetic fields that stochastically change in time.
We model the magnetic field fluctuation by the Ornstein-
Uhlenbeck (O-U) process with the autocorrelation func-
tion, Cb(t) = bz(0)bz(t) = bz

σ 2exp( − |t|/τ b
c ), where τ b

c is
the correlation time and bz

σ 2 is the standard deviation of
the amplitude distribution of the magnetic field fluctuation.
The details of the spin bath are described in Appendix

D. In the regime of
√

(μBgeBz)
2 + (d⊥

g.s.E⊥)
2 � μBgebσ

z ,
which corresponds to our experiments that have a strong
bias field or strong transverse electric field, a fluctuation
in the resonance frequency δω(t) induced by the magnetic
field fluctuation under an electric field is expressed as

δω(t) =
√

{μBge[Bz + bz(t)]}2 + (d⊥
g.s.E⊥)

2 (3)

−
√

(μBgeBz)
2 + (d⊥

g.s.E⊥)
2 ∼= Rb μBgebz(t)

�
,
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where Rb(E⊥) = μBgeBz/

√
(μBgeBz)

2 + (d⊥
g.s.E⊥)

2 . T FID
2

and T echo
2 are estimated by the fit with functions

of f FID(τ ) = y0 + Aexp[ − (τ/T FID
2 )2] for the FID and

f echo(2τ) = y0 + Aexp[ − (2τ/T echo
2 )3 for the Hahn echo,

which are characteristics of a slowly fluctuating spin
bath with �/(RbμBgebσ

z ) � τ b
c (see Appendix E). From

these equations, we obtain the curves by fitting the data.
Although there is a gap between data and curves because
of the scattering of data; the obtained fitted curves are rep-
resented as blue solid lines in Figs. 3(b) and 4(b), while the
estimated T FID

2 and T echo
2 are plotted in Figs. 3(c) and 4(c),

respectively. Notably, in Figs. 3(b) and 4(b), the electric
field strength is normalized by the magnetic field along the
z axis (i.e., the horizontal axis represents d⊥

g.s.E⊥/μBgeBz).
Both T FID

2 and T echo
2 increase in accordance with the

increase in the applied electric field.
To confirm the mechanism for the increase of the coher-

ence time, we fit the functions

TFID
2,bz

(E⊥) =
√

2�

RbμBgebσ
z

, (4)

Techo
2, bz

(E⊥) =
[

12τ b
c

(
�

RbμBgebσ
z

)2
] 1

3

, (5)

to the experimental results of T FID
2 and T echo

2 with respect
to the electric field, where the free parameter is bσ

z for
the fit of T FID

2 and τ b
c for the fit of T echo

2 . bσ
z in the fit

of T echo
2 is set to the value estimated in the fit of T FID

2 .
Notably, we suppose bσ

z and τ b
c are independent of the

applied electric field. The fitted curves are represented as
the dashed curves for N-V1 and the chained curve for N-
V2 in Figs. 3(c) and 4(c), respectively. Regarding T FID

2 , the
fitted curves basically reproduce the experimental results.
The estimated bσ

z values are 6 and 5 µT for N-V1 and N-V2,
respectively.

In contrast to T FID
2 , the fitted curve for T echo

2 does
not reproduce the experimental results. Particularly in the
high-field region, the experimental result of T echo

2 is almost
saturated. However, the fitted curve does not show satura-
tion. Instead, the fitted curve increases, even at a high elec-
tric field. Therefore, another decoherence source should be
considered in the analysis of T echo

2 .
For the additional decoherence source, the fluctuation in

the electric field should be considered [43–46]. Although
the influence of the fluctuation in the electric field on
the resonance frequency becomes small in the regime of
µBgeBz � d⊥

g.s.E⊥ [45], the influence of the electric field
fluctuation becomes larger than that of the magnetic field
fluctuation in the regime of μBgeBz � d⊥

g.s.E⊥. This behav-
ior is consistent with the experimental results of T echo

2 .

Therefore, the fluctuation in the electric field is a can-
didate for the additional decoherence source. In the case
of our system, the relevant fluctuations come from the
y component of the electric fields due to the following
reasons. First, the z component of the fluctuation can be
ignored because the axial component of the electric dipole
moment, d||

g.s., is about 50 times smaller than that of the
nonaxial component, d⊥

g.s.. The x component can be ignored
because the fluctuation in the nonaxial electric field, E⊥ =√

Ex
2 + Ey

2, induced by the x component of the elec-
tric field fluctuation is suppressed in our experimental
condition (Ex � Ey).

We model the electric field fluctuation, ey(t), by the
O-U process with the autocorrelation function Ce(t) =〈
ey(0)ey(t)

〉 = ey
σ 2exp( − |t|/τ e

c ), where τ e
c is the correla-

tion time and ey
σ 2 is the standard deviation of the magni-

tude of the fluctuation. In addition, we assume that the fluc-
tuations of the magnetic field and the electric field are not

correlated. In the regime of
√

(μBgeBz)
2 + (d⊥

g.s.E⊥)
2 �

μBgebσ
z , d⊥

g.s.e
σ
y , the fluctuation in the resonance fre-

quency δω(t) due to the fluctuations of the magnetic and
electric fields can be represented as

δω(t) =
√

{μBge[Bz + bz(t)]}2 + {d⊥
g.s.[E⊥ + ey(t)]}2 (6)

−
√

(μBgeBz)
2 + (d⊥

g.s.E⊥)
2 ∼= Rb μBgebz(t)

�

+ Re d⊥
g.s.ey(t)

�
,

where Re(E⊥) = d⊥
g.s.E⊥/

√
(μBgeBz)

2 + (d⊥
g.s.E⊥)

2. Given
the slow electric field fluctuation with �/[Red⊥

g.s.ey(t)] �
τ e

c , the electric field dependences of T FID
2 and T echo

2 are
derived as

T FID
2 (E⊥) =

√
2�√

(RbμBgebσ
z )

2 + (Red⊥
g.s.eσ

y )
2

, (7)

T echo
2 (E⊥) =

Techo
2,bz

Techo
2,ey

(Techo
2,bz

3 + Techo
2,ey

3
)

1
3

, (8)

where Techo
2,ey

= {12τ e
c [�/(Red⊥

g.s.e
σ
y )]2} 1

3 . Regarding T FID
2 , it

seems that the influence of fluctuation in the electric field
is negligible compared with that of the magnetic field fluc-
tuation, even at E⊥ ∼ 100 kV/cm, because the increase of
T FID

2 by the electric field is not saturated. Thus, the fluc-
tuation in the electric field cannot be estimated by fitting
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with function (7), as the fitting is meaningless. However,
we can roughly estimate the upper limit of the amplitude
of the electric field fluctuation eσ

y . We assume that the
upper limit is the value satisfying the influence of the elec-
tric field fluctuation on T FID

2 , which is 10 times smaller
than that of the influence of the magnetic field fluctuation
[i.e., (Red⊥

g.s.e
σ
y )2<∼ 1

10 (RbμBgebσ
z )2]. The estimated value is

eσ
y

<∼ 0.5 kV/cm at E⊥ ∼ 100 kV/cm.
Regarding T echo

2 , we fit function (8) to the experimen-
tal results with respect to the strength of the electric field,
where the free parameters are τ b

c and τ e
c /ey

σ 2. Figure 4(c)
shows the fitted curve as a solid line, reproducing the
experimental results well. The estimated free parameters
are τ b

c = 170 ms and τ e
c /ey

σ 2 = 6 ms cm2/kV2. From the
estimated value and the upper limit of eσ

y , the upper limit
of τ e

c is estimated to be 1.4 ms. The estimated values of
the correlation times, τ b

c = 170 ms and τ e
c < 1.4 ms, are

more than 10 times larger than that of the timescale of
T echo

2 ∼ 0.1 ms, which does not conflict with the assump-
tions of the slow fluctuations of the magnetic field and the
electric field used in this analysis.

We discuss the source of electric field fluctuation. The
reported surface-charge fluctuation [43,44,46] is a poten-
tial source of electric field fluctuation. Considering a
point charge q on the surface, the resulting electric field
at the N-V center in the diamond is expressed as E =
(1/4πε0)(2/[κd + κoil)](q/r2)r̂ [47], where the screening
effect is not counted. r is the distance between the sur-
face electron and the N-V center, and r̂ is the unit vector
in the direction of the N-V center. κd = 5.7 and κoil =
2.3 are the dielectric constants of diamond and optical
immersion oil, respectively. ε0 is the permittivity of free
space. For a single elementary charge located immedi-
ately above (40 nm) the N-V center, the strength of the
electric field is about 2 kV/cm. Although the value is
larger than the upper limit of eσ

y estimated above, this
result is not necessarily incongruous because the elec-
tric field is partially screened by the interplay of the
electrons in the diamond lattice, maintaining electroneu-
trality. We consider that the origin of the electric field
fluctuation may be the surface-charge fluctuation [44] or
charge fluctuation of impurities and defects in bulk. Our
results indicate that T echo

2 will increase almost linearly, as
shown by the dotted line in Fig. 4 (c), by reducing the
fluctuation.

In our case, the maximum applied electric field is limited
by a breakdown of the electrode deposited on diamond.
This upper limit will be improved technically by finding
optimized fabrication processes and will be extended to the
intrinsic breakdown voltage of diamond. One of the largest
breakdown voltages of diamond is reported to be more than
2 MV/cm [48]. This is more than 10 times larger than the
maximum applied electric field (166 kV/cm) in the present
experiment. Therefore, in principle, a further extension of
T2

* can be expected.

IV. CONCLUSION

The electric field dependence of T FID
2 and T echo

2 over a
range up to about 100 kV/cm are quantitatively analyzed
based on the spin Hamiltonian. T FID

2 and T echo
2 increase

up to about 10 and 1.4 times, respectively. Assuming only
a magnetic field fluctuation, the behavior of T FID

2 is basi-
cally elucidated. The behavior of T echo

2 is well reproduced,
assuming fluctuations in both the electric and magnetic
fields. Although the magnetic field fluctuation is the dom-
inant decoherence source for T FID

2 over the entire range of
electric field in our experiment and for T echo

2 in the low-
electric-field region, the dominant decoherence source for
T echo

2 in the high-electric-field region is the electric field
fluctuation. The difference in the dominant decoherence
source under the electric field is due to the difference in the
amplitude-frequency characteristics, corresponding to the
difference in the correlation time of the magnetic field fluc-
tuation and the electric field fluctuation in our experiment.
The enhancement of the coherence times by the electric
field can contribute to the improvement of the sensitiv-
ity in thermometry, pressure, and ac electric field sensing,
although it is not effective on the magnetic field sensi-
tivity [44]. The present technique can be utilized for not
only for the N-V center in diamond, but also the high-spin
centers (S > 1) with zero-field splitting, such as promising
centers in silicon carbide [49–51]. Our study opens up an
alternative technique for the electrical decoupling of spin
coherence in a solid from magnetic noise.
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APPENDIX A: MATERIALS AND APPLICATION
OF THE ELECTRIC FIELD

The diamond substrate is a CVD-grown IIa (100) single-
crystalline diamond purchased from Element Six Corpora-
tion (electronic grade). The nitrogen impurity concentra-
tion is less than 5 ppb and the concentration of 13C is the
natural abundance in diamond. 14N with a natural abun-
dance concentration is ion implanted at the Ion Technology
Center Co., Ltd., with a kinetic energy of 30 keV, implant-
ing nitrogen at a depth of about 40 nm with a density of
about 5 × 108/cm2. Subsequent annealing at 800 °C for 1 h,
using rapid thermal annealing equipment, produces N-V
centers with a density around less than 0.1 ppb. To remove
residual surface contamination and terminate the surface
with oxygen, the sample is kept in a mixture of H2SO4
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and HNO3 at 200 °C for 1 h. Ti(30 nm)/Au(100 nm) elec-
trodes for the electric field and an antenna for microwaves
are formed on the substrate by conventional electron-beam
lithography and metal-deposition processes.

The linear current-voltage (I -V) property of the structure
for applying an electric field is obtained, although there are
Schottky barriers at the interface between the electrodes
and diamond. Schottky barriers exhibit a linear I -V prop-
erty in the regime of V � |kT/e|, where k is the Boltzmann
constant, T is the temperature, and e is the elementary
charge. Thus, in the range of the applied electric field, the
voltage at the interfaces appears to be much smaller than
that of |kT/e| (approximately 0.026 V at room tempera-
ture). The voltage at the interface is negligible compared
with the voltage applied to the electrodes. Therefore, we
assume that the voltage at the interface is zero and the elec-
tric field strength in diamond bulk is linearly proportional
to the applied electric field.

The direction and strength of the electric field in dia-
mond is simulated numerically [Fig. 1(c)]. The dots
marked by “N-V1”, “N-V2”, and “N-V3” indicate the
positions of the N-V centers of N-V1, N-V2, and N-
V3, respectively. Their positions are estimated from the
confocal-scan images and the depth of implanted nitro-
gen. The direction of the N-V axes of the N-V centers are
parallel to one with [111], [1̄1̄1̄], [111̄], or [1̄1̄1], which is
confirmed by the measurements of PL intensity with polar-
ized light. From the results, the direction of the electric
field in the N-V coordinate system depicted in Fig. 1(d) is
estimated to be almost parallel to the y axis with a polar
angle, θE , of 89° or 91° and an azimuth angle, ϕE , of 90°
or 270°.

APPENDIX B: ELECTRIC-FIELD-POLARITY
DEPENDENCE OF THE RESONANCE

FREQUENCY SHIFTS AND THE TRANSITION
RATES

We measure the electric-field-polarity dependence of the
resonance frequency shifts at a range of about ±100 kV/cm
because asymmetry of the optical transition, depending on
the polarity, was reported previously [52]. The measured
N-V center is another one, N-V4. The direction of the N-V
axis of N-V4 is parallel to one with [11̄1], or [1̄11̄], which
is different from that of N-V1-3. Thus, the x component
of the electric field is much larger than the y component.
Figure 5(a) shows the magnetic resonance spectra of N-
V4 obtained by ODMR. While four resonance signals are
observed at zero electric field, the two dips in the mid-
dle of the four dips are larger than those of the others. It
seems that the two resonance signals overlap at the middle
two dips and the N-V electron spin interacts with a nuclear
spin of 14N (I = 1). Then the z component of the external
magnetic field, Bz, can be estimated from the obtained res-
onance frequencies at zero electric field. The estimated Bz

(a) (b)

FIG. 5. (a) ODMR spectra under various electric fields. Plots
represent the experimental results of N-V4. (b) Electric field
dependence of the resonance frequencies. Plots represent the esti-
mated resonance frequencies from the experimental results of
N-V4.

value is 34 µT. Figure 5(b) plots the resonance frequencies
of the middle two with respect to the electric field strength.
The shifts behave as even functions with respect to the
applied electric field. The result, indicating no electric-
field-polarity dependence of the shifts, is consistent with
the spin Hamiltonian.

Regarding the size of the dips, an electric-field-
polarity dependence is observed. This may be due to
a change of the magnetic transition rates. The tran-
sition rates are approximately described by Fermi’s
golden rule as 2π

�
|〈S±| HMW|S0〉|2, where |S0〉, |S+〉,

and |S−〉 are eigenstates of the electron spin, which
are expressed as |S0〉 = |0〉, |S+〉 = ei(ϕE/2)cos θ

2 |+1〉 −
e−i(ϕE/2)sin θ

2 |−1〉, and |S−〉 = ei(ϕE/2)sin θ
2 |+1〉 + e−i(ϕE/2)

cos θ
2 |−1〉, respectively. Here, tanθ = (d⊥

gsE⊥)/μBgeBz and
|0〉, |+1〉, and |−1〉 are eigenstates of Sz. HMW is the
perturbing Hamiltonian due to the microwave. In our mea-
surement system, the x component of the oscillating field
from the microwave BMW_x is much larger than that of the y
component. Thus, the perturbing Hamiltonian is expressed
as HMW = (1/�)μBgeSxBMW_x. In the case where the elec-
tric field is along the y axis, the transition rates do not
depend on the strength of the electric field. Actually, the
observed Rabi frequencies of the N-V1 at each electric
field are almost the same. On the other hand, in the case
where the electric field is along the y axis, the transition
rates depend on the strength of the electric field. This result
agrees with the experimental results of N-V4 qualitatively.

APPENDIX C: DECAY CURVES OF THE
FREE-INDUCTION DECAY OF N-V2 AND N-V3

The decay curves of the free-induction decay of N-V2
and N-V3 are shown in Figs. 6(a) and 6(b), respectively.
The Ramsey pulse sequence to measure T FID

2 is the same
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(a)

(b)

N-V2 N-V3

FIG. 6. (a) Decay curves of the free-induction decay of N-V2.
Fit function of f FID(τ ) = y0 + Aexp[ − (τ/T FID

2 )2] is employed.
(b) Decay curves of the free-induction decay of N-V3. Fit
function of f FID(τ ) = y0 + Aexp[ − (τ/T FID

2 )2] is employed.

as that of N-V1, as shown in Fig. 3(a). The fit function
of f FID(τ ) = y0 + Aexp[ − (τ/T FID

2 )2] is employed. The
estimated T FID

2 values are plotted in Fig. 3(c).

APPENDIX D: CONSIDERATION OF THE SPIN
BATH

The main decoherence source of the N-V centers located
in bulk diamond is the fluctuation in the magnetic field
induced by paramagnetic centers in the lattice [2,42]. For
the N-V centers situated near the surface (<10 nm), the
main sources of decoherence are the fluctuations in the
magnetic field due to the flip of electron spins at the sur-
face [29] and the fluctuations in the electric field due to
a charge fluctuation in the surface states [43,44]. In our
experiments, the N-V centers are placed around 40 nm
from the surface. Therefore, the fluctuation in the magnetic
field from paramagnetic centers should be the main source
of decoherence. With regard to the paramagnetic centers,
the nuclear spin of 13C atoms and the electron spins of
some types of defects (e.g., N -substituted defects) are pos-
sible candidates. For a case in which naturally abundant
13C (1.1%) is a main source of decoherence, T echo

2 for the
N-V electron is about 500 µs [2].

In our experiment, the timescale of the decay curves
of the Hahn-echo measurement is about 100 µs. The
short timescale in our experiments indicates that the addi-
tional contribution to decoherence is attributed to the elec-
tron spins, constituting a spin bath. Since the magnetic
moments of the electron spins in the spin bath and N-V
centers are similar in size, there is no significant difference
in the coupling strength of between intrabath spin-spin
interaction and bath spin to the N-V electron-spin interac-
tion. In such a situation where many spins interact with
each other with similar coupling strengths, the effect of
the N-V electron spin to the spin bath diffuses to the bath
rapidly. This behavior is similar to the individual spins

in the bath, allowing fluctuation in the magnetic field to
be treated as stochastic noise made by a classical Markov
process [31,36]. Additionally, under the assumption of a
uniform distribution of defects in the spin bath, fluctuation
in the magnetic field is expressed by a Gauss distribution.
In summary, the magnetic field fluctuation, according to
the stationary O-U process, is assumed in this study.

Although the fluctuation in the magnetic field is three
dimensional, only the z component affects fluctuation in
the resonant frequency and decoherence. The x and y com-
ponents flip the N-V electron spin, in principle. However,
a large difference in the spin-flipping energy between the
N-V center and other defects due to a zero-field splitting
of 2.87 GHz in the N-V center results in negligible spin-
flip probabilities [31,36]. Here, we denote the z component
of the fluctuating magnetic field as bz(t). From the afore-
mentioned assumptions, the distribution of bz(t) is Gaus-
sian with an average value of bz(t) = 0. The autocorre-
lation function, Cb(t), is Cb(t) = bz(0)bz(t) = bz

σ 2 exp( −
|t|/τ b

c ). Here, τ b
c is the correlation time and bz

σ 2 is the stan-
dard deviation in a fluctuating magnetic field. It should be
noted that the correlation time, τ b

c , and standard deviation,
bz

σ 2, correspond to the strength of the spin-spin interac-
tion inside the spin bath and the N-V center to the bath-spin
interaction, respectively.

APPENDIX E: THE ANALYSIS OF T FID
2 AND T echo

2

To derive the fitted functions for the electric field depen-
dence of T FID

2 and T echo
2 , the time evolutions of the spin in

the Ramsey and Hahn-echo sequences with the fluctuation
in the resonance frequency should be calculated. The sta-
tistical average with respect to the fluctuations should be
taken into account. The population of the N-V electron spin
with ms = 0 after free evolution is expressed as pFID

S0
(τ ) =

(1/2) − (1/2)Re
{

exp
[−i

∫ τ

0 δω(t)dt
] }

for the FID and
pecho

S0
(2τ)= (1/2)+ (1/2)Re{exp[−i

∫ τ

0 δω(t)dt]exp[i
∫ 2τ

τ

δω(t)dt]} for the Hahn echo. In the case where the fluctu-
ation in the resonance frequency is expressed by Eq. (3),
pFID

S0
(τ ) and pecho

S0
(2τ) are derived as pFID

S0
(τ ) = (1/2) −

(1/2)exp{−τ b
c

2[Rb(μBgebσ
z /�)]2[(τ/τ b

c ) − 1 + e−(τ/τb
c )] }

and pecho
S0

(2τ) = (1/2) + (1/2)exp{−τ b
c

2[Rb(μBgebσ
z /�)]2

[(2τ/τ b
c ) − 3 − e−(2τ/τb

c ) + 4e−(τ/τb
c )]}, respectively. Given

the slow magnetic field fluctuation with �/RbμBgebσ
z �

τ b
c , pFID

S0
(τ ) and pecho

S0
(2τ) are simplified to be pFID

S0
(τ ) =

(1/2) − (1/2)exp{−(1/2)[Rb(μBgebσ
z /�)]2

τ 2} and pecho
S0

(2τ) = (1/2) + (1/2)exp{−(1/12τ b
c )[Rb(μBgebσ

z /�)]2

(2τ)3}. From these equations, the functions describing the
electric field dependence of T FID

2 and T echo
2 are derived as

Eqs. (4) and (5). Equations (7) and (8) are derived by the
same calculations.

044033-8

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



ELECTRICAL CONTROL FOR EXTENDING. . . PHYS. REV. APPLIED 14, 044033 (2020)

[1] G. Balasubramanian, P. Neumann, D. Twitchen, M.
Markham, R. Kolesov, N. Mizuochi, J. Isoya, J. Achard, J.
Beck, J. Tissler, V. Jacques, P. R. Hemmer, F. Jelezko, and
J. Wrachtrup, Ultralong spin coherence time in isotopically
engineered diamond, Nat. Mater. 8, 383 (2009).

[2] N. Mizuochi, P. Neumann, F. Rempp, J. Beck, V. Jacques,
P. Siyushev, K. Nakamura, D. J. Twitchen, H. Watanabe, S.
Yamasaki, F. Jelezko, and J. Wrachtrup, Coherence of sin-
gle spins coupled to a nuclear spin bath of varying density,
Phys. Rev. B 80, 041201 (2009).

[3] N. Bar-Gill, L. M. Pham, A. Jarmola, D. Budker, and R.
L. Walsworth, Solid-state electronic spin coherence time
approaching one second, Nat. Commun. 4, 1743 (2013).

[4] E. D. Herbschleb, H. Kato, Y. Maruyama, T. Danjo, T.
Makino, S. Yamasaki, I. Ohki, K. Hayashi, H. Morishita,
M. Fujiwara, and N. Mizuochi, Ultra-long coherence times
amongst room-temperature solid-state spins, Nat. Com-
mun. 10, 8 (2019).

[5] J. F. Barry, J. M. Schloss, E. Bauch, M. J. Turner, C. A.
Hart, L. M. Pham, and R. L. Walsworth, Sensitivity opti-
mization for NV-diamond magnetometry, Rev. Mod. Phys.
92, 015004 (2020).

[6] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-
Hmoud, J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R.
Hemmer, A. Krueger, T. Hanke, A. Leitenstorfer, R. Brats-
chitsch, F. Jelezko, and J. Wrachtrup, Nanoscale imaging
magnetometry with diamond spins under ambient condi-
tions, Nature 455, 648 (2008).

[7] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M.
Taylor, P. Cappellaro, L. Jiang, M. V. G. Dutt, E. Togan, A.
S. Zibrov, A. Yacoby, R. L. Walsworth, and M. D. Lukin,
Nanoscale magnetic sensing with an individual electronic
spin in diamond, Nature 455, 644 (2008).

[8] F. Dolde, H. Fedder, M. W. Doherty, T. Nöbauer, F. Rempp,
G. Balasubramanian, T. Wolf, F. Reinhard, L. C. L. Hol-
lenberg, F. Jelezko, and J. Wrachtrup, Electric-field sensing
using single diamond spins, Nat. Phys. 7, 459 (2011).

[9] F. Dolde, M. W. Doherty, J. Michl, I. Jakobi, B. Nayde-
nov, S. Pezzagna, J. Meijer, P. Neumann, F. Jelezko, N. B.
Manson, and J. Wrachtrup, Nanoscale Detection of a Sin-
gle Fundamental Charge in Ambient Conditions Using the
NV-Center in Diamond, Phys. Rev. Lett. 112, 1 (2014).

[10] T. Iwasaki, W. Naruki, K. Tahara, T. Makino, H. Kato, M.
Ogura, D. Takeuchi, S. Yamasaki, and M. Hatano, Direct
nanoscale sensing of the internal electric field in operat-
ing semiconductor devices using single electron spins, ACS
Nano 11, 1238 (2017).

[11] J. Michl, J. Steiner, A. Denisenko, A. Bülau, A. Zimmer-
mann, K. Nakamura, H. Sumiya, S. Onoda, P. Neumann, J.
Isoya, and J. Wrachtrup, Robust and accurate electric field
sensing with solid state spin ensembles, Nano Lett. 19, 4904
(2019).

[12] D. M. Toyli, C. F. de las Casas, D. J. Christle, V. V.
Dobrovitski, and D. D. Awschalom, Fluorescence ther-
mometry enhanced by the quantum coherence of single
spins in diamond, Proc. Natl. Acad. Sci. 110, 8417 (2013).

[13] G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nanometre-scale
thermometry in a living cell, Nature 500, 54 (2013).

[14] N. Mohan, C.-S. Chen, H.-H. Hsieh, Y.-C. Wu, and H.-
C. Chang, In vivo imaging and toxicity assessments of

fluorescent nanodiamonds in caenorhabditis elegans, Nano
Lett. 10, 3692 (2010).

[15] L. P. McGuinness, Y. Yan, A. Stacey, D. A. Simpson, L. T.
Hall, D. Maclaurin, S. Prawer, P. Mulvaney, J. Wrachtrup,
F. Caruso, R. E. Scholten, and L. C. L. Hollenberg, Quan-
tum measurement and orientation tracking of fluorescent
nanodiamonds inside living cells, Nat. Nanotechnol. 6, 358
(2011).

[16] V. M. Acosta, E. Bauch, M. P. Ledbetter, C. Santori, K.-M.
C. Fu, P. E. Barclay, R. G. Beausoleil, H. Linget, J. F. Roch,
F. Treussart, S. Chemerisov, W. Gawlik, and D. Budker,
Diamonds with a high density of nitrogen-vacancy centers
for magnetometry applications, Phys. Rev. B 80, 115202
(2009).

[17] E. Van Oort and M. Glasbeek, Electric-field-induced mod-
ulation of spin echoes of N-V centers in diamond, Chem.
Phys. Lett. 168, 529 (1990).

[18] S. Zaiser, T. Rendler, I. Jakobi, T. Wolf, S. Lee, S. Wag-
ner, V. Bergholm, T. Schulte-Herbrüggen, P. Neumann, and
J. Wrachtrup, Enhancing quantum sensing sensitivity by a
quantum memory, Nat. Commun. 7, 12279 (2016).

[19] X. Kong, A. Stark, J. Du, L. P. McGuinness, and F. Jelezko,
Towards Chemical Structure Resolution with Nanoscale
Nuclear Magnetic Resonance Spectroscopy, Phys. Rev.
Appl. 4, 024004 (2015).

[20] M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P.
McGuinness, Y. Meng, A. Stacey, T. J. Karle, R. J. Hem-
ley, N. B. Manson, L. C. L. Hollenberg, and S. Prawer,
Electronic Properties and Metrology Applications of the
Diamond NV− Center Under Pressure, Phys. Rev. Lett.
112, 047601 (2014).

[21] D. A. Broadway, B. C. Johnson, M. S. J. Barson, S. E. Lil-
lie, N. Dontschuk, D. J. McCloskey, A. Tsai, T. Teraji, D.
A. Simpson, A. Stacey, J. C. McCallum, J. E. Bradby, M.
W. Doherty, L. C. L. Hollenberg, and J. P. Tetienne, Micro-
scopic imaging of the stress tensor in diamond using in situ
quantum sensors, Nano Lett. 19, 4543 (2019).

[22] P. C. Maurer, G. Kucsko, C. Latta, L. Jiang, N. Y. Yao,
S. D. Bennett, F. Pastawski, D. Hunger, N. Chisholm, M.
Markham, D. J. Twitchen, J. I. Cirac, and M. D. Lukin,
Room-Temperature quantum Bit memory exceeding One
second, Science (80-.) 336, 1283 (2012).

[23] M. V. G. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze,
F. Jelezko, A. S. Zibrov, P. R. Hemmer, and M. D.
Lukin, Quantum register based on individual electronic and
nuclear spin qubits in diamond, Science 316, 1312 (2007).

[24] P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H.
Watanabe, S. Yamasaki, V. Jacques, T. Gaebel, F. Jelezko,
and J. Wrachtrup, Multipartite entanglement Among single
spins in diamond, Science 320, 1326 (2008).

[25] G. Waldherr, Y. Wang, S. Zaiser, M. Jamali, T. Schulte-
Herbrüggen, H. Abe, T. Ohshima, J. Isoya, J. F. Du, P.
Neumann, and J. Wrachtrup, Quantum error correction in
a solid-state hybrid spin register, Nature 506, 204 (2014).

[26] J. T. Muhonen, J. P. Dehollain, A. Laucht, F. E. Hudson,
R. Kalra, T. Sekiguchi, K. M. Itoh, D. N. Jamieson, J. C.
McCallum, A. S. Dzurak, and A. Morello, Storing quan-
tum information for 30 s in a nanoelectronic device, Nat.
Nanotechnol. 9, 986 (2014).

[27] J. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Del-
becq, G. Allison, T. Honda, T. Kodera, S. Oda, Y. Hoshi,

044033-9

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1038/nmat2420
https://doi.org/10.1103/PhysRevB.80.041201
https://doi.org/10.1038/ncomms2771
https://doi.org/10.1038/s41467-019-11776-8
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1038/nature07278
https://doi.org/10.1038/nature07279
https://doi.org/10.1038/nphys1969
https://doi.org/10.1103/PhysRevLett.112.097603
https://doi.org/10.1021/acsnano.6b04460
https://doi.org/10.1021/acs.nanolett.9b00900
https://doi.org/10.1073/pnas.1306825110
https://doi.org/10.1038/nature12373
https://doi.org/10.1021/nl1021909
https://doi.org/10.1038/nnano.2011.64
https://doi.org/10.1103/PhysRevB.80.115202
https://doi.org/10.1016/0009-2614(90)85665-Y
https://doi.org/10.1038/ncomms12279
https://doi.org/10.1103/PhysRevApplied.4.024004
https://doi.org/10.1103/PhysRevLett.112.047601
https://doi.org/10.1021/acs.nanolett.9b01402
https://doi.org/10.1126/science.1220513
https://doi.org/10.1126/science.1139831
https://doi.org/10.1126/science.1157233
https://doi.org/10.1038/nature12919
https://doi.org/10.1038/nnano.2014.211


S. KOBAYASHI et al. PHYS. REV. APPLIED 14, 044033 (2020)

N. Usami, K. M. Itoh, and S. Tarucha, A quantum-dot spin
qubit with coherence limited by charge noise and fidelity
higher than 99.9%, Nat. Nanotechnol. 13, 102 (2018).

[28] S. Pezzagna, D. Rogalla, D. Wildanger, J. Meijer, and A.
R. Zaitsev, Creation and nature of optical centres in dia-
mond for single-photon emission, New J. Phys. 13, 035024
(2011).

[29] B. K. Ofori-Okai, S. Pezzagna, K. Chang, M. Loretz, R.
Schirhag, Y. Tao, B. A. Moores, K. Groot-Berning, J. Mei-
jer, and C. L. Degen, Spin properties of very shallow
nitrogen vacancy defects in diamond, Phys. Rev. B 86,
081406(R) (2012).

[30] S. B. van Dam, M. Walsh, M. J. Degen, E. Bersin, S.
L. Mouradian, A. Galiullin, M. Ruf, M. IJspeert, T. H.
Taminiau, R. Hanson, and D. R. Englund, Optical coher-
ence of diamond nitrogen-vacancy centers formed by ion
implantation and annealing, Phys. Rev. B 99, 161203(R)
(2019).

[31] G. de Lange, Z. H. Wang, D. Riste, V. V. Dobrovitski,
and R. Hanson, Universal dynamical decoupling of a single
solid-state spin from a spin bath, Science 330, 60 (2010).

[32] X. Xu, Z. Wang, C. Duan, P. Huang, P. Wang, Y. Wang,
N. Xu, X. Kong, F. Shi, X. Rong, and J. Du, Coherence-
Protected Quantum Gate by Continuous Dynamical Decou-
pling in Diamond, Phys. Rev. Lett. 109, 070502 (2012).

[33] J. Du, X. Rong, N. Zhao, Y. Wang, J. Yang, and R. B.
Liu, Preserving electron spin coherence in solids by optimal
dynamical decoupling, Nature 461, 1265 (2009).

[34] M. H. Abobeih, J. Cramer, M. A. Bakker, N. Kalb, M.
Markham, D. J. Twitchen, and T. H. Taminiau, One-second
coherence for a single electron spin coupled to a multi-
qubit nuclear-spin environment, Nat. Commun. 9, 2552
(2018).

[35] C. E. Bradley, J. Randall, M. H. Abobeih, R. C. Berrevoets,
M. J. Degen, M. A. Bakker, M. Markham, D. J. Twitchen,
and T. H. Taminiau, A Ten-qubit solid-state spin register
with quantum memory up to One minute, Phys. Rev. X 9,
031045 (2019).

[36] R. Hanson, V. V. Dobrovitski, A. E. Feiguin, O. Gywat,
and D. D. Awschalom, Coherent dynamics of a single spin
interacting with an adjustable spin bath, Science (80-.) 320,
352 (2008).

[37] K. C. Nowack, F. H. L. Koppens, Y. V. Nazarov, and L. M.
K. Vandersypen, Coherent control of a single electron spin
with electric fields, Science 318, 1430 (2007).

[38] M. Pioro-Ladrière, T. Obata, Y. Tokura, Y. S. Shin, T.
Kubo, K. Yoshida, T. Taniyama, and S. Tarucha, Electri-
cally driven single-electron spin resonance in a slanting
zeeman field, Nat. Phys. 4, 776 (2008).

[39] P. V. Klimov, A. L. Falk, B. B. Buckley, and D. D.
Awschalom, Electrically Driven Spin Resonance in Sili-
con Carbide Color Centers, Phys. Rev. Lett. 112, 087601
(2014).

[40] S. Felton, A. M. Edmonds, M. E. Newton, P. M. Martineau,
D. Fisher, and D. J. Twitchen, Electron paramagnetic

resonance studies of the neutral nitrogen vacancy in dia-
mond, Phys. Rev. B 77, 081201 (2008).

[41] M. W. Doherty, J. Michl, F. Dolde, I. Jakobi, P. Neumann,
N. B. Manson, and J. Wrachtrup, Measuring the defect
structure orientation of a single NV− centre in diamond,
New J. Phys. 16, 063067 (2014).

[42] T. A. Kennedy, J. S. Colton, J. E. Butler, R. C. Linares, and
P. J. Doering, Long coherence times at 300K for nitrogen-
vacancy center spins in diamond grown by chemical vapor
deposition, Appl. Phys. Lett. 83, 4190 (2003).

[43] M. Kim, H. J. Mamin, M. H. Sherwood, K. Ohno, D. D.
Awschalom, and D. Rugar, Decoherence of Near-Surface
Nitrogen-Vacancy Centers Due to Electric Field Noise,
Phys. Rev. Lett. 115, 087602 (2015).

[44] P. Jamonneau, M. Lesik, J. P. Tetienne, I. Alvizu, L. Mayer,
A. Dréau, S. Kosen, J.-F. Roch, S. Pezzagna, J. Meijer, T.
Teraji, Y. Kubo, P. Bertet, J. R. Maze, and V. Jacques, Com-
petition between electric field and magnetic field noise in
the decoherence of a single spin in diamond, Phys. Rev. B
93, 024305 (2016).

[45] Y. Matsuzaki, X. Zhu, K. Kakuyanagi, H. Toida, T. Shi-
mooka, N. Mizuochi, K. Nemoto, K. Semba, W. J. Munro,
H. Yamaguchi, and S. Saito, Improving the lifetime of the
nitrogen-vacancy-center ensemble coupled with a super-
conducting flux qubit by applying magnetic fields, Phys.
Rev. A 91, 1 (2015).

[46] B. A. Myers, A. Ariyaratne, and A. C. B. Jayich, Double-
Quantum Spin-Relaxation Limits to Coherence of Near-
Surface Nitrogen-Vacancy Centers, Phys. Rev. Lett. 118,
197201 (2017).

[47] J. D. Jackson, Classical Electrodynamics (Wiley, New
York, 1975).

[48] H. Umezawa, T. Matsumoto, and S. Shikata, Diamond
metal-semiconductor field-effect transistor With breakdown
voltage over 1.5kV, IEEE Electron Device Lett. 1112, 35
(2014).

[49] W. F. Koehl, B. B. Buckley, F. J. Heremans, G. Calusine,
and D. D. Awschalom, Room temperature coherent con-
trol of defect spin qubits in silicon carbide., Nature 479,
84 (2011).

[50] N. Mizuochi, S. Yamasaki, H. Takizawa, N. Morishita,
T. Ohshima, H. Itoh, and J. Isoya, Continuous-wave and
pulsed EPR study of the negatively charged silicon vacancy
with S=3/2 and C3V symmetry in n-type 4H-SiC, Phys.
Rev. B 66, 235202 (2002).

[51] M. Widmann, S.-Y. Lee, T. Rendler, N. T. Son, H. Fed-
der, S. Paik, L.-P. Yang, N. Zhao, S. Yang, I. Booker,
A. Denisenko, M. Jamali, S. A. Momenzadeh, I. Ger-
hardt, T. Ohshima, A. Gali, E. Janzén, and J. Wrachtrup,
Coherent control of single spins in silicon carbide at room
temperature, Nat. Mater. 14, 164 (2015).

[52] L. C. Bassett, F. J. Heremans, C. G. Yale, B. B. Buck-
ley, and D. D. Awschalom, Electrical Tuning of Single
Nitrogen-Vacancy Center Optical Transitions Enhanced by
Photoinduced Fields, Phys. Rev. Lett. 107, 266403 (2011).

044033-10

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1038/s41565-017-0014-x
https://doi.org/10.1088/1367-2630/13/3/035024
https://doi.org/10.1103/PhysRevB.86.081406
https://doi.org/10.1103/PhysRevB.99.161203
https://doi.org/10.1126/science.1192739
https://doi.org/10.1103/PhysRevLett.109.070502
https://doi.org/10.1038/nature08470
https://doi.org/10.1038/s41467-018-04916-z
https://doi.org/10.1126/science.1155400
https://doi.org/10.1126/science.1148092
https://doi.org/10.1038/nphys1053
https://doi.org/10.1103/PhysRevLett.112.087601
https://doi.org/10.1103/PhysRevB.77.081201
https://doi.org/10.1088/1367-2630/16/6/063067
https://doi.org/10.1063/1.1626791
https://doi.org/10.1103/PhysRevLett.115.087602
https://doi.org/10.1103/PhysRevB.93.024305
https://doi.org/10.1103/PhysRevA.91.042329
https://doi.org/10.1103/PhysRevLett.118.197201
https://doi.org/10.1038/nature10562
https://doi.org/10.1103/PhysRevB.66.235202
https://doi.org/10.1038/nmat4145
https://doi.org/10.1103/PhysRevLett.107.266403

	I. INTRODUCTION
	II. EXPERIMENTAL METHOD
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: MATERIALS AND APPLICATION OF THE ELECTRIC FIELD
	B. APPENDIX B: ELECTRIC-FIELD-POLARITY DEPENDENCE OF THE RESONANCE FREQUENCY SHIFTS AND THE TRANSITION RATES
	C. APPENDIX C: DECAY CURVES OF THE FREE-INDUCTION DECAY OF N-V2 AND N-V3
	D. APPENDIX D: CONSIDERATION OF THE SPIN BATH
	E. APPENDIX E: THE ANALYSIS OF T2FID AND T2echo



