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Emerging quantum technologies, such as quantum computations and precise sensing, provide new
opportunities in the fields of science and engineering. While energy consumption is a major concern for
modern industry and society, it is rarely taken into consideration for quantum technologies. Especially, the
potential of quantum technologies directly powered by renewable energy has long been neglected. The
initialization, manipulation, and readout of quantum systems generally require high-power-consuming
equipment, such as a dilution refrigerator, a microwave-power amplifier, and a high-power laser. Here,
we discover a direct utilization path for solar energy to steer the quantum states of negatively charged
nitrogen-vacancy centers in diamond, which is one of the most promising solid-state quantum systems
in the past decades. Following this method, we demonstrate sunlight-driven quantum magnetometry. The
initialization and readout of this quantum magnetometry are achieved directly by sunlight, and conven-
tional microwave manipulation can be removed by using a microwave-free scheme. By utilizing ambient
energy directly, our method brings potential solutions to the energy-consumption issue of quantum tech-
nologies. This technique can be further extended to multiple quantum systems, and thus opens the door
to environmentally sustainable quantum technologies and self-powered quantum sensing in the future.
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I. INTRODUCTION

Quantum sensors utilize quantum systems to measure
a broad range of physical quantities [1-3]. In the field of
magnetometry, quantum sensors, such as a superconduct-
ing quantum interference device (SQUID) [4], an atomic
magnetometer operating in a spin-exchange relaxation-
free (SERF) regime [5], and a diamond magnetometer
based on negatively charged nitrogen-vacancy (N-V) cen-
ter ensembles [6], demonstrate outstanding sensitivity.
However, the issue of their consumption of resources,
especially power consumption, is rarely taken into consid-
eration. For example, a high-power laser is usually used
to initialize and read out the quantum states of quantum
sensors [7—9]. Power consumption is an obstacle on the
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road to practical applications for quantum technologies.
Besides, it is more essential than ever to save energy
and find new ways to utilize renewable-energy sources
while global challenges, such as climate change, increase
seriously [10,11].

Here, we propose a direct utilization path for solar
energy via the N-V centers in diamond and demon-
strate sunlight-driven quantum magnetometry based on the
magnetic-field-dependent photoluminescence (PL) of this
quantum system. The N-J centers are excited by the green
component of sunlight, and the conventional high-power
laser is removed. The measurement is performed with
a microwave-free scheme, and thus microwave manip-
ulation is circumvented. Since the geomagnetic field is
amplified by the magnetic flux concentrators (FCs) as the
bias field, there is neither a permanent magnet nor an
electromagnet that needs to provide an additional bias
field in the setup. The quantum sensor is driven by
solar energy and works without high-power-consuming
equipment, such as a high-power laser and a high-power
microwave amplifier. This method can bring sustainability
to quantum technologies by directly utilizing ambient
energy.

Published by the American Physical Society
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II. MAGNETOMETRY METHOD

A schematic for the direct utilization path for solar
energy is shown in Fig. 1. Sunlight, after being absorbed
and scattered by the Earth’s atmosphere, is mostly within
the wavelength range of 300—-1100 nm [12]. To decrease
the photoinduced ionization of the N-J centers [13], fil-
ters are used to reserve sunlight with wavelengths in the
range of 500-550 nm [Figs. 1(a) and 1(b)]. The light in
this wavelength range can be used to steer the states of
electron spins in N-V centers [14]. When the electron spins
of N-V centers are excited, they will decay and emit red flu-
orescence [Fig. 1(c)]. The intensity of red fluorescence can
be detected by a photodetector. The filters described above
can also reduce the background from sunlight in the wave-
length range of fluorescence. As shown in Fig. 1(d), the PL
intensity is related to the external magnetic field, Bg;,, and
can be used for detecting magnetic field. In this way, we
demonstrate sunlight-driven quantum magnetometry.

The quantitative magnetic field measurement based on
N-V centers generally relies on the optically detected mag-
netic resonance (ODMR) technique [6,9]. The N-V center
in diamond consists of a substitutional nitrogen atom and a

vacancy on adjacent lattice sites with C3, symmetry [14].
As shown in Fig. 1(c), the electronic ground state of the
N-V center is a spin triplet state, 34,, with the |m; = 0)
state separated from the |m, = 1) states by a zero-field
splitting of Dgs =~ 2.87 GHz at room temperature. When
a magnetic field, Bgj,, is applied, the |m; = £1) states
experience a Zeeman splitting, and the N-J" ground-state
electron-spin Hamiltonian can be written as [15]

Hgs = hDgsS* + g1isBaia - S, (1

where £ is Planck’s constant, up is the Bohr magneton, and
g A~ 2.003 is the electron g factor. S = (S, S),S.) is the
dimensionless electronic spin-1 operator, and the z direc-
tion is parallel to the N-J symmetry axis. The N-JV center
can be optically excited to the *E state, and the transi-
tion between them has a zero-phonon line at 637 nm [,
in Fig. 1(c)]. Upon optical excitation, the N-J center can
decay to the ground state through a spin-conserving radia-
tive transition [y in Fig. 1(c)], which generates red flu-
orescence with wavelengths in the range of 637-800 nm.
There is a nonradiative alternative decay path via singlet
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FIG. 1. Schematic of sunlight-driven magnetometry. (a) Schematic of the direct utilization path of solar energy. Sunlight is filtered
and used to excite N-V centers. Intensity of fluorescence emitted from the N-V centers is related to the magnetic field, Bgi,, on the
electron spins of the N-V centers. (b) Measured spectral irradiance of sunlight with and without filters. Irradiance of sunlight with
wavelengths in the range of 380—760 nm is 527 W/m? (solid line). After being filtered, the irradiance of residual light with wavelengths
in the range of 500—550 nm is 80.6 W/m? (dashed line). (c) Energy-level structure of the N-J center. N-¥ center in the ground state
can be pumped via green light to the excited state, and I', is the pumping rate. Radiative relaxation results in red fluorescence, and
Iy is the relaxation rate. y; and y{ are the relaxation rates from the excited state in |m; = 0) and |m; = £1) states to the singlet
states, respectively, giving y{ ~ 7y¢ [19]. y; and yZ are the relaxation rates from the singlet states to the ground state in |m, = 0) and
Im; = £1) states, respectively, giving y5 & y; [19]. Under optical illumination, intensity of fluorescence resulting from the |m, = 0)
state (thick red arrows) is higher than that resulting from the |m, = £1) states (thin red arrows). (d) Simulated PL intensity as a
function of Bgj,. PL intensity decreases with increasing Bgi,. (¢) Four orientations of the N-J centers in diamond. When Byg;, along the
[110] axis of diamond is applied, two of the four N-V orientations are perpendicular to Bgi,, and the other orientations are aligned at
about 35.4° with respect to Bg;,.
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states ('4;,'E) involving nonradiative intersystem cross-
ing (ISC) [16,17], where no red fluorescence is generated.
Since the N-V center is more likely to decay through a
nonradiative path when the population is in the |m; = £1)
states [y{ ~ 7y; in Fig. 1(c)], the intensity of the average
fluorescence from the |m; = 0) state is significantly higher
than that from the |m, = %1) states. Resonant microwave
manipulation can enable the transition between the |m; =
0) state and one of the less fluorescent |m, = £1) states
and leads to the variations in fluorescence. For a certain
direction of Byg;,, the magnetic field strength, By, = |Bdial,
can be obtained by observing the ODMR spectra.

For magnetometry, the microwave-free scheme [18—20]
based on detecting changes in the magnetic-field-
dependent PL of N-V centers is utilized. When a magnetic
field misaligned with the N-J symmetry axis is applied,
the transverse magnetic field leads to the mixing of the
spin sublevels in both the ground state and excited state.
The probability of a nonradiative transition involving ISC
is enhanced and then results in a decrease of the PL (see
the Supplemental Material [21]). For an ensemble of N-
V centers, each N-J symmetry axis is oriented along one
of four possible crystallographic directions [Fig. 1(e)],
and the N-V symmetry axes are equally distributed along
these four orientations. When Bg;, along the [110] crys-
tal axis of diamond is applied, Bgi, is misaligned with
the four orientations of N-J" symmetry axes, and the PL
emitted from the N-J centers decreases with increasing
magnetic field strength [Fig. 1(d)]. Thus, the PL variations
can be used for magnetic field measurements. Unlike the
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ODMR technique, this microwave-free method relies on
the variation of PL with the off-axis magnetic field strength
rather than the ODMR spectrum, and thus avoids the large
power consumption of conventional microwave manipu-
lation. An appropriate bias magnetic field is needed in
this scheme to achieve optimal sensitivity, which is gen-
erally produced by permanent magnets [20]. Although
the microwave-free scheme around the ground-state-level
anticrossing (GSLAC) of the N-J center is demonstrated
[22,23], it usually needs extra electromagnets or permanent
magnets to produce a magnetic field of about 102.4 mT. In
our work, the FCs are utilized to amplify the geomagnetic
field to provide a suitable bias field with the equivalent
effect of permanent magnets. More importantly, the FCs
can be used to improve the sensitivity [24,25]. Our magne-
tometry is also compatible with both permanent magnets
and FCs, and the comparison is shown in the Supplemental
Material [21].

III. EXPERIMENT

The experimental setup of the sunlight-driven magne-
tometer is shown in Fig. 2(a). A Fresnel lens with a
diameter of 15 c¢m is used to collect the sunlight, and a
concave lens is used to adjust the focused beam. After
being filtered, the light is focused by a convex lens to
illuminate the diamond. With the collecting area of the
Fresnel lens being about 177 cm?, there is about 1 W light,
which is used to excited the N-J centers, considering the
attenuation of the focused lenses. Light is extracted

8
= 4
f 0
3 4

-8

0.0 0.5 1.0 15 2.0
(c) Time (s)
10 r - —
~ Calibration field Magnetically sensitive
L5k —— Magnetically insensitive
E 10 —— Electronic noise
> Photon shot noise
Z 107 ]
2
© 1078 E
12}
% 10°° M
S 0.3 nTHH s
@ 10-10[ 0.3 z
=
10" L L
1 10 100 1k
Frequency (Hz)

FIG. 2. Demonstration of sunlight-driven magnetometry. (a) Setup of the magnetometer. Sunlight is collected by the lenses and
filtered to excite the N-J centers. Part of the light through diamond is collected by the reference PD for noise cancellation. (b)
Measured time-domain magnetic signals of the magnetometer. (¢) Magnetic ASDs for the time-domain signals. Magnetically sensitive
spectrum (black line) shows the peak of the calibration field with a frequency of 7 Hz, and the peak is not visible in the magnetically
insensitive spectrum (red line). Magnetically sensitive spectrum shows a sensitivity of 0.3 nT/+/Hz @ 320 Hz. In the region above
300 Hz, electronic noise (blue line) limits the sensitivity. Photon noise (purple dashed line) of about 0.03 nT/+/Hz is much less than

the overall noise.
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directly from sunlight, while the power consumption of
a conventional laser for equivalent output light power is
about 100 W, according to previous work [22]. The geo-
magnetic field is amplified by the FCs as the bias magnetic
field for N-JV centers. The (110)-cut diamond is clamped
by the FCs, and the bias magnetic field direction is along
the FC axis, which is aligned with the [110] crystal axis
of diamond. Since the bias magnetic field direction is mis-
aligned with the N-J axes, the level anticrossing feature is
not observed or utilized. Due to the orientation response
of the FCs [24], the strength of the bias magnetic field is
changed by adjusting the relative direction of the FCs to
the geomagnetic field orientation. The diamond is fixed to
a compound parabolic concentrator, which collects the flu-
orescence of the N-V centers. After the fluorescence passes
through a 650-nm long-pass filter, it is converted to a pho-
tocurrent via a photodetector (PD). A portion of sunlight is
collected by the reference PD for noise cancellation. The
PDs are set to photoconductive mode, and each one is con-
nected to a load resistance to convert the photocurrent into
a voltage signal. After that, the signals are acquired by the
analog-to-digital converter (ADC).

The magnetic sensitivity of the magnetometer is mea-
sured under the geomagnetic field and an oscillating cal-
ibration field. When the bias magnetic field strength is
adjusted to about 10 mT in diamond, a sinusoidal cali-
bration field with a frequency of 7 Hz and a peak-to-peak
value of 16 uT is applied via a coil. The load resistance
of the PD is 10 k€2, and the signal with a peak-to-peak
value of 30 mV is recorded by the ADC [Fig. 2(b)].
The calibration factor of 1.9 x 10° V/T is then obtained.
The time-domain signals under different configurations are
recorded using a 2-kHz sampling rate for 30 s, and then
converted into the magnetic amplitude spectral densities
(ASDs). The noise for the magnetically insensitive con-
figuration [Fig. 2(c) red line] is achieved under the bias
field strength above 100 mT in diamond. The frequency
response of the sensing unit is obtained from 5 to 1000 Hz,
and the ASDs are calibrated accordingly (see the Supple-
mental Material [21]). The ASDs show the noise floor and
the sensitivity of the magnetometer.

We then evaluate the noise and sensitivity of the magne-
tometer. For frequencies between 1 and 300 Hz, the noise
exhibits nearly 1/f behavior. The noise might result from
the power fluctuation of sunlight. Due to the frequency-
response calibration, the spectrum of electronic noise
[Fig. 2(c) blue line] exhibits a rising trend above 100
Hz, and electronic noise is the main noise source above
300 Hz. It can be further suppressed by using the lower
noise ADC. The photon shot-noise limit [Fig. 2(c) pur-
ple dashed line] is 0.03 nT/+/Hz (see the Supplemental
Material [21]) and accounts for a small part of the over-
all noise. With the abovementioned noise and magnetic
noise, the magnetically sensitive spectrum [Fig. 2(c) black
line] exhibits the best sensitivity at 320 Hz, which is 0.3

nT/+/Hz. The sensitivity can be improved in future iter-
ations by optimizing the enhancement factor of the FCs,
increasing the power density of focused light and utiliz-
ing the GSLAC feature of the N-J centers for (111)-cut
diamond samples. With these improvements, the sensitiv-
ity of the magnetometer can reach 0.6 pT/+/Hz (see the
Supplemental Material [21]).

IV. DISCUSSION

The direction and intensity of received sunlight vary
with time, and the quantitative measurements of the mag-
netometer need the help of a calibration field. The position
of the focused light spot is related to the direction of sun-
light. A solar tracking system can be used to trace the
sunlight direction [26,27] and adjusts the light spot to
the position of diamond. The intensity of sunlight can be
measured by a reference PD. By calibrating the output sig-
nal as a function of magnetic field strength and sunlight
intensity, the magnetometer can be used for quantitative
measurements without a calibration field in the future.

This method of utilizing solar energy can be further
extended to multiple spin-systems. According to the stan-
dard direct (AM1.5d) solar reference spectrum [28], which
is defined for solar concentrator systems, the solar energy
is within a broad range of wavelengths from 300 to 1100
nm. When the zero-phonon line of the transition in a spin
system is within this wavelength range, sunlight can be
used to steer the states of the spins. There are several spin
systems that can be excited by sunlight, such as nega-
tively charged silicon-vacancy centers (Vg;) in silicon car-
bide (SiC) [29], negatively charged germanium-vacancy
centers (Ge-V) in diamond [30], and negatively charged
silicon-vacancy centers (Si-¥) in diamond [31](see Sup-
plemental Material [21]). Furthermore, other undiscov-
ered potential quantum systems with similar energy-level
structures can also be combined with this scheme.

In conclusion, we reveal a direct utilization path of
solar energy to steer the quantum states of N-J centers in
diamond and demonstrate sunlight-driven quantum mag-
netometry. The green light for exciting the N-J centers
is extracted from sunlight directly. Power consumption of
about 100 W for the high-power laser can be avoided. The
demonstrated quantum magnetometer can be extended as
autonomous and self-powered magnetic field sensor nodes
used in geomagnetic observation and Internet of things
applications for extremely-low-frequency (ELF, 0.1-300
Hz) signal detection [32—34]. In outer space, the intensity
of sunlight is stronger than that on the ground, as a result
of the lack of absorption and scattering by the atmosphere.
Such a magnetometer with optimization in the detection
range (see the Supplemental Material [21]) has potential
for space-based applications [35,36]. For this purpose, the
remaining components of sunlight, except those that are
directly utilized for quantum systems, can be collected
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to power traditional electronic devices for signal process-
ing by solar-energy harvesters in the future [37,38]. It is
worth mentioning that using a laser diode powered by solar
panels can also yield green light to excite the N-J cen-
ters. However, the efficiency of our method is 3 times as
much as that of this method (see the Supplemental Mate-
rial [21]), since energy loss due to energy conversion can
be avoided. The efficiency is defined as the ratio of utilized
green-light power to total input solar power. This direct
utilization path of renewable energy thus exhibits higher
efficiency than traditional laser excitation to achieve ini-
tialization and readout for the quantum sensor. Albeit a
small step for today’s quantum sensors, directly utilizing
ambient energy is a possible approach to solve the power-
consumption issue of quantum technologies. Additionally,
this method exhibits the potential of quantum technolo-
gies in renewable-energy utilization and could make a
contribution to sustainable development [39—41].
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