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Quantum sensing uses quantum systems as sensors to capture weak signals and is providing oppor-
tunities in science and technology. The biggest challenge in quantum sensing is decoherence due to the
coupling between the sensor and the environment. The dissipation will destroy the quantum coherence
and reduce the performance of the sensor. Here we show that quantum sensing can be realized under
dissipation by engineering the steady state of the sensor. We demonstrate this protocol with a magnetome-
ter based on ensemble nitrogen-vacancy centers in diamond, while neither high-quality initialization or
readout of the sensor nor sophisticated dynamical decoupling sequences are required. Thus our method
provides a concise and decoherence-resistant means of quantum sensing. The frequency resolution and
precision of our magnetometer are far beyond the coherence time of the sensor. Furthermore, we show
that the dissipation can be engineered to improve the performance of our sensor. By increasing the laser
pumping, magnetic signals in a broad audio-frequency band from dc up to 140 kHz can be tackled by our
method. Besides the potential applications in magnetic sensing and imaging on the microscopic scale, our
results may provide opportunities for improvement of a variety of high-precision spectroscopies based on

other quantum sensors.

DOL: 10.1103/PhysRevApplied.14.014013

I. INTRODUCTION

Quantum sensing uses a quantum system to perform a
measurement of a physical quantity, and it allows one to
gain advantages over its classical counterpart [1]. There are
a variety of quantum systems for quantum sensing, such as
neutral atoms [2], trapped ions [3,4], solid-state spins [5],
and superconducting circuits [1]. The regular procedure of
quantum sensing includes three elementary steps: (i) ini-
tialize the state of the sensor to a superposition state; (ii) let
the sensor interact with the target field; (iii) readout of the
final state of the sensor. For steps (i) and (iii), high-quality
and efficient initialization and readout are required. Step
(i1) is usually very fragile, due to the inevitable interactions
between the sensor and the environment. To minimize the
effect of environmental noise, exquisite dynamical decou-
pling technologies have been developed to suppress the
noise [6] and enhance the performance of the sensor [5].
However, the decoherence sets an upper bound on the

*xrong@ustc.edu.cn
Tdjf@ustc.edu.cn

2331-7019/20/14(1)/014013(6)

014013-1

time delay between the pulses in the dynamical decoupling
sequence, corresponding to a lower bound of the detectable
frequency of a signal. As a result, the detection of a low-
frequency magnetic field, which is important in magnetic
navigation [7,8], magnetic-anomaly detection [8], and bio-
magnetic field detection [9-11], can hardly benefit from
the dynamical decoupling protocols.

Inspired by recent progress in dissipative quantum com-
putation and quantum metrology [12—14], we propose
and experimentally demonstrate a dissipative-quantum-
sensing protocol for detection of low-frequency signals in
an important type of solid-state sensor, nitrogen-vacancy
(N-V) centers in diamond [15]. Because of the atomic scale
of N-V centers, quantum sensing based on N-V centers
provides exciting quantum technologies, such as nuclear
magnetic resonance and magnetic resonance imaging at the
nanoscale. An ensemble of electron spins in the form of
N-V centers is used as a sensor for magnetic field mea-
surement. The steady state of the sensor under dissipation
can be engineered to be sensitive to the detected magnetic
field. We show that the frequency resolution and precision
go far beyond the spin coherence time. Furthermore, the
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laser-pumping procedure, during which the sensor can be
initialized and read out, can be used to introduce an addi-
tional dissipation to the sensor. We also show that such
a laser-controlled dissipation can increase the detection
bandwidth of the sensor. Our method is capable of detect-
ing magnetic signals over a broad audio-frequency band
ranging from dc to 140 kHz.

II. EXPERIMENTAL METHOD AND SETUP

Figure 1(a) shows a schematic of the N-V center, which
is an atomic defect consisting of a substitutional nitro-
gen and a vacancy adjacent to it. It is negatively charged
since the center comprises six electrons, two of which
are unpaired. The energy-level diagram is shown in the
right panel in Fig. 1(a). The electronic ground state is
a spin triplet state 34, consisting of three spin sublevels
|mg = 0), |mg = +1), and |m, = —1). The N-V center can
be excited from the ground state 34, to the excited state
3E by a laser with a wavelength of 532 nm, and decays
back to the 34, state, producing photoluminescence. The
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FIG. 1. Two types of quantum sensing based on N-V cen-
ters. (a) The diamond-crystal lattice with an N-J defect center
is shown on the left. The energy-level diagram of the N-J center
is shown on the right. The ground and excited states are denoted
as 34, and *E. The spin triplet 34, contains three spin sublevels
|mg = 0), |mgy = +1), and |my; = —1). The states |m, = 0) and
[mgy = +1) are encoded as the sensor. The state of the sensor
can be initialized and read out with 532-nm laser pulses, and can
be manipulated with microwave (mw) pulses. The initialization
with laser pulses can be considered as a dissipative process in
which the population decays from |m, = +1) to |my; = 0) with
rate I'y. (b) The regular procedure for quantum sensing is shown
on the left, with the accumulated relative phase shift ¢ as a func-
tion of time # at the bottom. Quantum sensing with steady states
is shown on the right. Laser and microwave fields are continu-
ously applied to the N-V center. The dynamics of steady states
can be continuously monitored by measuring the population of
state |my; = 0), as shown at the bottom.

laser-induced excitation and radiative decay are spin pre-
serving. Besides the radiative decay, there is a nonradiative
decay through a metastable state, called the “intersystem-
crossing process” [16]. The ionization or recombination
process [17] occurs in the N-J centers during the laser
pumping. The process could lead to the charge-state inter-
conversion of N-J centers and has an impact on the
dissipation effect. If we consider a round of the optical
transition, there is effectively a dissipation from |m, = +1)
and |my; = —1) to |m; = 0) with decay rate I'; induced by
the laser. The decay rate I'; is dependent on the power
of the laser and thus can be harnessed by controlling the
power of the laser. The optical transitions can be used for
initialization of the spin state. Readout of the spin state
is realized by measuring the photoluminescence intensity,
since the photoluminescence intensity is contributed only
by the radiative decay and shows a difference dependent
on the spin state. The spin states |m; = 0) and |m, = +1)
of the ground state >4, are encoded as a sensor. This sen-
sor can be manipulated by a microwave field with angular
frequency w, = D — y.By, where D = 27 x 2.87 GHz is
the ground-state zero splitting, y, = —2m x 28 GHz/T is
the gyromagnetic ratio of the electron spin, and By is the
controllable external magnetic field generated by a pair of
coils.

The left panel in Fig. 1(b) presents the regular proce-
dure for quantum sensing based on a N-J center. In step
(1), a laser pulse together with a /2 microwave pulse are
applied to the N-V center to prepare the sensor in the super-
position state (|0) — i|1))/ V2.In step (ii), we let the sensor
interact with the magnetic signal. The magnetic signal con-
tributes to a relative phase shift ¢ of the sensor state. A
spin-echo technique is used to prolong the coherence time
of the sensor. A 7 pulse is applied to decouple the inter-
action between the sensor and the environmental noise. If
the magnetic signal is in phase with the spin-echo pulse
sequence, the relative phase shift ¢ due to the magnetic
signal is accumulated rather than canceled as shown at the
bottom of the left panel in Fig. 1(b). More-sophisticated
dynamical decoupling sequences can be applied instead
of a spin-echo sequence to increase the coherence time
of the N-J center. Once the coherence time is prolonged,
the accumulated phase shift ¢ increases and the sensi-
tivity will be increased [18]. The information regarding
¢ can be extracted in step (iii), which involves a /2
microwave pulse and a laser pulse. The lowest frequency
of the detected signal is bounded by 1/2t [19], where 7 is
the delay time between microwave pulses. However, this
delay time is limited by spin decoherence, so detection
of low-frequency signals by this method is challenging.
Furthermore, once multiple-pulse dynamical decoupling
sequences are applied, imperfection of dynamical decou-
pling pulses contributes to the reduction of sensitivity. The
nonideal initialization and readout of the N-J center also
contribute to the reduction of the observed signal.
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The right panel in Fig. 1(b) shows the basic idea
of our dissipative-quantum-sensing protocol. Continuous-
wave laser and microwave fields are applied simultane-
ously during the detection procedure. The laser-induced
dissipation from |m; = +1) to |m; = 0) can be described
by an amplitude-damping process. The microwave field
drives the electron spin continuously, corresponding to the
evolution of the sensor governed by the Hamiltonian H =
AS; — y.b()S; — v.B1S;. Here the detuning A = w, —
wmw 18 the difference between the transition angular fre-
quency of the electron spin w, and the angular frequency
of the microwave field wpy, B corresponds to the strength
of the microwave field, b(¢) stands for the ac magnetic field
to be detected along the N-V axis, and S, = 0,/2,and S, =
0./2 are the spin operators, with o, and o, being the Pauli
operators. The ac magnetic field provided by the other
single coil can be written as b(f) = byc cOS(Wact + Pac),
where b,., w,e, and ¢,. are the amplitude, angular fre-
quency, and phase, respectively. Besides the dissipation
introduced by the laser pumping, the sensor undergoes
dephasing due to the interaction with environment (e.g.,
the nuclear-spin bath). The dephasing, with dephasing rate
I';, can be described by a phase-damping process. The
master equation, which describes the dynamics of the state
p of the sensor in a rotating frame, can be written as

dp . 1
— =il p]+ > @LipLl —LiLip - pLIL). (1)

j=12

The first term on the right-hand side of Eq. (1) stands for
the evolution under the Hamiltonian H. The second term
on the right-hand side of Eq. (1) describes the dissipation
process of the system. The operator L; = /' /20_ cor-
responds to the amplitude damping, and L, = /T, /20.
corresponds to the phase damping [20], where o_ = (0, —
io,)/2. Typically, the dissipation, which limits the band-
width of the sensor in the steady-state scheme, is caused
by the spin-lattice interaction. This leads to the intrinsic
relaxation between ground states |mg; = 1) and |m; = 0).
Here, the intrinsic longitudinal relaxation of the sensor is
ignored, since the intrinsic relaxation time (about 3.9 ms)
is much longer than the decay time under laser pumping
(1/ Ty, about several microseconds). The effect of laser-
induced dissipation is described by the operator L. The
dissipation process leads the sensor to a steady state. The
characteristic time to reach the steady state depends on
two parameters: the dephasing time under the laser, 75 =
1/(I'; 4+ I';/2), which is measured to be about 200 ns, and
the decay time of amplitude damping, 7} = 1/T;.

For detection of low-frequency signals, the ac magnetic
field to be detected varies in a way that is much slower than
the time for the sensor to reach the steady state. In this case,
the ac magnetic field can be considered quasistatic, and the
state of the sensor can be approximated by the steady state
under the quasistatic magnetic field.

For weak-signal detection (i.e., |y.b(1)T;| < 1), the
steady state p can be approximated, up to first order, as

p = po + Kb(1), 2)

where pg and Kb(?) stand for the time-independent part and
the time-dependent part of the steady state, respectively. p
contains nondiagonal elements, which are sensitive to the
external magnetic field. Detailed information on p, pg, and
K is provided in Supplemental Material [21].

The ac magnetic field to be detected is encoded into
the state of the sensor in a linear fashion according to
Eq. (2). Since the laser is applied to the N-J centers con-
tinuously, the photoluminescence intensity, which reflects
the probability of the state in [m; = 0) can be continuously
monitored. The probability in [m; = 0) is

2+s5+2A2T8 VeATs%s

= PN 2 b(t)a
21 +5+ AT (1+s+ A2T2)?

3)

Imy=0)

where s = y2BiT;T;. The dynamics of the probability
Py =0y is plotted schematically at the bottom of the right
panel in Fig. 1(b). The oscillation of P}~ reflects the
amplitude and frequency of the ac magnetic field b(7).
When the detuning A is set to /1 —I—s/\/ng‘, the opti-
mal sensitivity for signal detection is reached. Since p
is a steady state that can last for arbitrary long time, the
detection can be, in principle, of arbitrary precision.

An experimental setup [21] is developed for a magne-
tometer based on an ensemble of N-J centers. Continuous-
wave laser and microwave fields are applied to the N-V
centers. The microwave field is fed to the N-V centers by
a double split-ring resonator. By is generated by a pair
of coils with a programmable dc power supply (DP832,
RIGOL Technologies). A single coil is used to send the
magnetic field () to N-JV centers. The waveform of b(7)
is generated by a wave generator (33500B, Keysight Tech-
nologies). Two photodiodes (PDA36A, Thorlabs) are used
to transform the intensities of the green laser and red
fluorescence to voltages, which can be monitored by a two-
channel lock-in amplifier (HF2LI, Zurich Instruments).
The time constant of the lock-in amplifier is set to zero
when it is used as an oscilloscope. The voltage, v;, from
photodiode 1, which receives the red fluorescence, is pro-
portional to the probability P, o of state in |m, = 0).
The voltage, v,, from photodiode 2, which receives the
green laser, is used to cancel the long time drift due to the
laser-power instability.

ITI. RESULTS AND DISCUSSION

Figure 2(a) shows the experimental data for v;, which
reflects Pj,,,=g) of the steady state, as a function of time
when the frequency of b(¢) is set to 9 Hz. The voltage v, is
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FIG. 2. Experimental frequency resolution and precision mea-
surement. (a) Experimental data for detection of a 9-Hz magnetic
field. The voltage reflects the population in |m; = 0) of the sensor
state. A coherent oscillation that lasts for about 4 h without decay
is observed, showing that the sensor is in a steady state. (b) Fre-
quency resolution as a function of total measurement time 7. The
solid line indicates that the resolution increases with the mea-
surement time T as 7. (c) Precision of frequency estimation as
a function of the measurement time 7. The solid line indicates
that the precision increases with the measurement time as 773/,

recorded by the lock-in amplifier, which is used as an oscil-
loscope with the frequency of its reference signal set to
zero. It can be observed that there is a coherent oscillation
that lasts for about 4 h without decay. The nondecay behav-
ior shows that the quantum state of the sensor is a steady
state as expected. The ac magnetic field 5(¢) is encoded into
v; according to Eq. (3). The frequency of b(¢) is the same
as that of vy, and the amplitude of b(¢) is proportional to
that of v;. The fast Fourier transformation of v; provides
the spectrum of b(¢) in the frequency domain. The peak
position of the spectrum corresponds to the frequency of
b(?), and the linewidth of the spectrum is defined as the fre-
quency resolution. The frequency and frequency resolution
are obtained by our fitting the spectrum, with the fitting
uncertainty of the frequency defined as the frequency pre-
cision [19,22]. Figure 2(b) shows the frequency resolution
as a function of the measurement time 7. The frequency
resolution increases with the measurement time as 7!,
When the data for v; are measured for 7= 14000s, a
frequency resolution of 138 pHz is obtained. Figure 2(c)
shows the frequency precision as a function of the mea-
surement time 7. The frequency precision increases with
the measurement time as 7->/2.

Figure 3 shows the experimental measurement of the
detection bandwidth for our dissipative-quantum-sensing
protocol. Since the protocol is based on the steady state
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FIG. 3. Experimental measurement of the detection band-

width. (a) The normalized measured amplitudes of v; as a
function of the frequency of b(¢) with different values of the
laser power. The detection bandwidth is defined as the frequency
of b(¢) at which the normalized amplitude decreases to 1/ V2.
(b) The experimental detection bandwidth and 7; as a function
of the laser power. The error bars of the bandwidth come from
the differences between the nearest experimental data points and

1/3/2.

under a quasistatic magnetic field b(7), the detection
bandwidth of b(¢) depends on the rate at which the sen-
sor reaches the steady state. The rate to reach the steady
state can be engineered by varying the laser power, since
the laser power influences the decay time 7' of the ampli-
tude damping. At a certain laser power, as the frequency of
b(t) increases, the rate at which b(f) varies will be more
and more comparable with the rate at which the sensor
reaches the steady state. If the frequency of b(¢) reaches a
value large enough, the assumption of quasistatic b(¢) will
no longer hold and the quantum state of the sensor will
no longer be a steady state. Therefore, the amplitude of v,
is expected to decrease with increasing frequency of b(z).
In the experiment, the amplitude of v; is measured by the
lock-in amplifier, with the frequency of its reference signal
set to that of b(¢). Figure 3(a) shows the measured ampli-
tudes as a function of the frequency of b(f) when the laser
power is set to a series of values. For clarity, the amplitudes
are normalized so that their values at the first point equal
1. As expected, the normalized amplitude decreases as the
frequency of b(¥) increases for any certain laser power. The
frequency at which the normalized amplitude decreases to
1/+/2 is defined as the detection bandwidth. Figure 3(b)
shows the detection bandwidth and 7 as a function of the
laser power. It clearly shows that the detection bandwidth
increases as the laser power increases and that 7; decreases
as the laser power decreases. The relation between 7 and
the laser power indicates the dissipation can be controlled
by the laser. When the laser power is set to 1.8 W, a detec-
tion bandwidth of 146 kHz is achieved. Thus, the increase
of the detection bandwidth by engineering the laser power
is demonstrated.
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IV. CONCLUSION

In conclusion, we propose and experimentally demon-
strate a dissipative-quantum-sensing protocol based on
the steady state of the sensor of ensemble N-V centers
in diamond. The frequency resolution and precision are
far beyond the limit of the sensor’s coherence time. We
experimentally show that the frequency resolution and pre-
cision can be increased with the measurement time 7 as
T~ and T73/2, respectively. The detection bandwidth in
our protocol can be engineered by controlling dissipation.
As demonstrated in experiments, the detection bandwidth
increases as the laser power increases. When the laser
power is set to 1.8 W, detection of an ac magnetic field
over a broad band ranging from dc to about 140 kHz can
be achieved. In the future, the dissipation could be further
optimized by considering the ionization or recombination
process. Our method is essentially different from magnetic
field detection by a continuous-wave method based on N-
V centers [11,23], whose bandwidth is limited by the time
constant of the lock-in amplifier. The sensitivity of our
setup is measured to be about 1 nT/+/Hz when the fre-
quency is higher than 1 kHz [21]. Although this work is not
intended to obtain high sensitivity, the sensitivity can be
further increased by optimizing the experimental parame-
ters of our apparatus (e.g., the material properties of the
diamond) [21]. The dynamic range of our protocol is mea-
sured to be better than 80 dB when the frequency is greater
than 1 kHz [21]. A high dynamic range can be achieved
with our method, because we can continuously monitor the
probe and get rid of the disadvantage of the regular pro-
cedure of quantum sensing [24]. From comparison of our
results with other state-of-the art results [11,19,21,22,25—
30], our work achieves high-frequency resolution and a
high detection bandwidth. Our protocol provides oppor-
tunities in sensing, imaging, and spectroscopies based on
quantum Sensors.

ACKNOWLEDGMENTS

This work was supported by the National Key R&D
Program of China (Grants No. 2018YFA0306600 and
No. 2016YFB0501603), the Chinese Academy of Sci-
ence (Grants No. GJJISTD20170001, No. QYZDY-SSW-
SLHO004, and No. QYZDB-SSW-SLHO005), the National
Natural Science Foundation of China (Grants No.
81788101 and No. 11761131011), and the Anhui Initia-
tive in Quantum Information Technologies (Grant No.
AHY050000). X.R. thanks the Youth Innovation Promo-
tion Association of the Chinese Academy of Sciences for
support. Y. Xie and J. Geng contributed equally to this
work.

[1] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum
sensing, Rev. Mod. Phys. 89, 035002 (2017).

[2] J. Kitching, S. Knappe, and E. A. Donley, Atomic sensors
—areview, [EEE Sens. J. 11, 1749 (2011).

[3] R. Maiwald, D. Leibfried, J. Britton, J. C. Bergquist, G.
Leuchs, and D. J. Wineland, Stylus ion trap for enhanced
access and sensing, Nat. Phys. 5, 551 (2009).

[4] M. ]. Biercuk, H. Uys, J. W. Britton, A. P. VanDevender,
and J. J. Bollinger, Ultrasensitive detection of force and
displacement using trapped ions, Nat. Nanotechnol. 5, 646
(2010).

[51 J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D.
Budker, P. R. Hemmer, A. Yacoby, R. Walsworth, and
M. D. Lukin, High-sensitivity diamond magnetometer with
nanoscale resolution, Nat. Phys. 4, 810 (2008).

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

[71 W. L. Webb, Aircraft navigation instruments, Electr. Eng.
70, 384 (1951).

[8] J. E. Lenz, A review of magnetic sensors, Proc. IEEE 78,
973 (1990).

[9] J. Wikswo, J. Barach, and J. Freeman, Magnetic field
of a nerve impulse: First measurements, Science 208, 53
(1980).

[10] M. Hamaldinen, R. Hari, R. J. Ilmoniemi, J. Knuutila,
and O. V. Lounasmaa, Magnetoencephalography—theory,
instrumentation, and applications to noninvasive studies
of the working human brain, Rev. Mod. Phys. 65, 413
(1993).

[11] J. F. Barry, M. J. Turner, J. M. Schloss, D. R. Glenn, Y.
Song, M. D. Lukin, H. Park, and R. L. Walsworth, Optical
magnetic detection of single-neuron action potentials using
quantum defects in diamond, Proc. Natl. Acad. Sci. 113,
14133 (2016).

[12] F. Verstracte, M. M. Wolf, and J. Ignacio Cirac, Quan-
tum computation and quantum-state engineering driven by
dissipation, Nat. Phys. 5, 633 (2009).

[13] F. Reiter, A. S. Serensen, P. Zoller, and C. A. Muschik,
Dissipative quantum error correction and application to
quantum sensing with trapped ions, Nat. Commun. 8, 1822
(2017).

[14] Y. Lin, J. P. Gaebler, F. Reiter, T. R. Tan, R. Bowler, A.
S. Serensen, D. Leibfried, and D. J. Wineland, Dissipative
production of a maximally entangled steady state of two
quantum bits, Nature 504, 415 (2013).

[15] M. W. Doherty, N. B. Manson, P. Delaney, F. Jelezko,
J. Wrachtrup, and L. C. L. Hollenberg, The nitrogen-
vacancy colour centre in diamond, Phys. Rep. 528, 1
(2013).

[16] M. L. Goldman, A. Sipahigil, M. W. Doherty, N. Y. Yao,
S. D. Bennett, M. Markham, D. J. Twitchen, N. B. Manson,
A. Kubanek, and M. D. Lukin, Phonon-Induced Population
Dynamics and Intersystem Crossing in Nitrogen-Vacancy
Centers, Phys. Rev. Lett. 114, 145502 (2015).

[17] Reece P. Roberts, Mathieu L. Juan, and Gabriel Molina-
Terriza, Spin-dependent charge state interconversion of
nitrogen vacancy centers in nanodiamonds, Phys. Rev. B
99, 174307 (2019).

[18] L. M. Pham, N. Bar-Gill, C. Belthangady, D. Le
Sage, P. Cappellaro, M. D. Lukin, A. Yacoby, and R.
L. Walsworth, Enhanced solid-state multispin metrology

014013-5


https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1109/JSEN.2011.2157679
https://doi.org/10.1038/nphys1311
https://doi.org/10.1038/nnano.2010.165
https://doi.org/10.1038/nphys1075
https://doi.org/10.1126/science.1192739
https://doi.org/10.1109/EE.1951.6432396
https://doi.org/10.1109/5.56910
https://doi.org/10.1126/science.7361105
https://doi.org/10.1103/RevModPhys.65.413
https://doi.org/10.1073/pnas.1601513113
https://doi.org/10.1038/nphys1342
https://doi.org/10.1038/s41467-017-01895-5
https://doi.org/10.1038/nature12801
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1103/PhysRevLett.114.145502
https://doi.org/10.1103/PhysRevB.99.174307

YUJIN XIE et al.

PHYS. REV. APPLIED 14, 014013 (2020)

[19]

[20]

[21]

[22]

[23]

[24]

using dynamical decoupling, Phys. Rev. B 86, 045214
(2012).

J.M. Boss, K. S. Cujia, J. Zopes, and C. L. Degen, Quantum
sensing with arbitrary frequency resolution, Science 356,
837 (2017).

Michael A. Nielsen and Isaac Chuang, Quantum compu-
tation and quantum information, (Cambridge University
Press, New York, 2002).

See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.14.014013 for informa-
tion on the instrumentation, details of the calculations, and
experimental procedures.

S. Schmitt, T. Gefen, F. M. Stiirner, T. Unden, G. Wolff,
C. Miiller, J. Scheuer, B. Naydenov, M. Markham, S. Pezza-
gna, et al., Submillihertz magnetic spectroscopy performed
with a nanoscale quantum sensor, Science 356, 832 (2017).
J. M. Schloss, J. F. Barry, M. J. Turner, and R. L.
Walsworth, Simultaneous Broadband Vector Magnetome-
try Using Solid-State Spins, Phys. Rev. Appl. 10, 034044
(2018).

G. Waldherr, J. Beck, P. Neumann, R. S. Said, M. Nitsche,
M. L. Markham, D. J. Twitchen, J. Twamley, F. Jelezko,
and J. Wrachtrup, High-dynamic-range magnetometry with
a single nuclear spin in diamond, Nat. Nanotechnol. 7, 105
(2012).

[25]

[26]

[27]

(28]

[29]

[30]

014013-6

T. Wolf, P. Neumann, K. Nakamura, H. Sumiya, T.

Ohshima, J. Isoya, and J. Wrachtrup, Subpicotesla
Diamond Magnetometry, Phys. Rev. X 5, 041001
(2015).

Huijie Zheng, Jingyan Xu, Geoffrey Z. Iwata, Till Lenz,
Julia Michl, Boris Yavkin, Kazuo Nakamura, Hitoshi
Sumiya, Takeshi Ohshima, Junichi Isoya, et al., Zero-Field
Magnetometry Based on Nitrogen-Vacancy Ensembles in
Diamond, Phys. Rev. Appl. 11, 064068 (2019).

D. Le Sage, L. M. Pham, N. Bar-Gill, C. Belthangady,
M. D. Lukin, A. Yacoby, and R. L. Walsworth, Efficient
photon detection from color centers in a diamond optical
waveguide, Phys. Rev. B 85, 121202(R) (2012).

Jennifer M. Schloss, John F. Barry, Matthew J. Turner,
and Ronald L. Walsworth, Simultaneous Broadband Vector
Magnetometry Using Solid-State Spins, Phys. Rev. Appl.
10, 034044 (2018).

Sepehr Ahmadi, Haitham A. R. El-Ella, Jorn O. B. Hansen,
Alexander Huck, and Ulrik L. Andersen, Pump-Enhanced
Continuous-Wave Magnetometry Using Nitrogen-Vacancy
Ensembles, Phys. Rev. Appl. 8, 034001 (2017).

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).


https://doi.org/10.1103/PhysRevB.86.045214
https://doi.org/10.1126/science.aam7009
http://link.aps.org/supplemental/10.1103/PhysRevApplied.14.014013
https://doi.org/10.1126/science.aam5532
https://doi.org/10.1103/PhysRevApplied.10.034044
https://doi.org/10.1038/nnano.2011.224
https://doi.org/10.1103/PhysRevX.5.041001
https://doi.org/10.1103/PhysRevApplied.11.064068
https://doi.org/10.1103/PhysRevB.85.121202
https://doi.org/10.1103/PhysRevApplied.10.034044
https://doi.org/10.1103/PhysRevApplied.8.034001
https://doi.org/10.1103/RevModPhys.92.015004

	I. INTRODUCTION
	II. EXPERIMENTAL METHOD AND SETUP
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


