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The negatively charged nitrogen vacancy center in diamond is widely used for quantum sensing due
to the sensitivity of the spin triplet in the electronic ground state to external perturbations such as strain
and electromagnetic fields, which makes it an excellent probe for changes in these perturbations. The spin
state can be measured through optically detected magnetic resonance, which is most commonly achieved
by detecting the photoluminescence after exciting the spin-triplet transition. Recently, methods have been
proposed and demonstrated that use the absorption of the infrared singlet transition at 1042 nm instead.
These methods, however, require cryogenic temperatures or external cavities to enhance the absorption
signal. Here, we report on our efforts to optimize the magnetometer sensitivity at room temperature and
without cavities. We reach a sensitivity of 18 pT/+/Hz, surpassing previously reported values, and a cal-
culated shot-noise limit of 5 pT/+/Hz . We also report on a defect that is native to diamond grown by
chemical vapor deposition and thus absent in high-pressure high-temperature diamond, the excitation of

which impacts the measured singlet absorption signal.
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I. INTRODUCTION

The negatively charged nitrogen-vacancy (N-V") cen-
ter in diamond is the most popular example of a new
class of defects in solid-state crystals that promises novel
applications in quantum information and metrology [1,2],
as well as magnetic [3,4], electric [5—7], strain [8,9], and
temperature [10,11] sensing. Among them, due to promis-
ing improvements in both sensitivity and spatial resolu-
tion besides their robustness, wide operation temperature
range, and small size, N-V-based magnetometers have
found numerous applications in condensed matter physics
[12], neuroscience and living systems biology [13], nuclear
magnetic resonance [14], and Earth and planetary science
[15].

The N-V~ center features a spin-triplet 34, electronic
ground state that can be manipulated with microwave
(MW) radiation and read out through optical excitation
as optically detected magnetic resonance (ODMR) [16].
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The utility of N-V~ for harnessing coherent spin dynam-
ics relies on the reproducible polarization of this spin state
through optical pumping, which is the result of a series
of radiative and nonradiative electronic transitions that are
shown in Fig. 1(a). After photoexcitation into the spin-
triplet excited state >E, vibrational relaxation occurs within
less than 100 fs [17]. Further electronic relaxation takes
place either via radiative recombination back to the 34,
state within 10 ns or via intersystem crossing (ISC) to
the '4; spin singlet. The latter transition is more probable
from the spin projections states m; = £1 of 3E compared
to my = 0; see Appendix C for more details [1]. Subse-
quently, the electron relaxes to the !E spin-singlet state
within about 100 ps [18], from where it transitions back
to the 34, state via ISC within 200 ns at room tem-
perature [19,20]. Spin selectivity of this cycle not only
leads to preferential population of m, = 0 in 34, in the
absence of external perturbations (spin polarization), but
also allows m; to be read out optically (ODMR). MW radi-
ation (or other controlled perturbations such as magnetic
field) is used to manipulate the spin-projection states in >4,
which are eventually measured optically.

Commonly, ODMR is performed by detecting the pho-
toluminescence (PL) of the 3E — 34, transition, where
a decrease in PL originates from a greater probability of
relaxation via the ISC, which in turn is a result of a larger
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ms = %1 population in the 34, state. The '4; —! E singlet
transition could also be used for ODMR. In that case, the
ms = £1 population will be correlated with its PL count
[21]. The PL yield of the singlet transition is, however,
many orders of magnitude smaller than that of the triplet
transition [22—24] due to dominant nonradiative recom-
bination with a relaxation time of about 100 ps, which is
much faster than the radiative decay channel [18]. The sin-
glet PL is thus not an ideal signal for ODMR. The long
lifetime of the 'E state (around 200 ns), however, sug-
gests that absorption from 'E — '4,, instead of PL from
'4; — 'E, is a viable probe for ODMR. In this case, a
probe beam with a photon energy that is resonant with
the singlet transition would carry the absorption signal,
enabling absorption ODMR [25-29].

In comparison to PL ODMR, absorption ODMR
promises higher spin contrast due to the spin selectivity
of the electronic states (see Appendix C). As compared
to the point source emission of PL, light collection is
potentially more efficient in some probe geometries such
as extended waveguide structures, fibers, or cavities. The
singlet absorption is also inherently insensitive to the
presence of N-7°.

The absorption coefficient of the singlet transition is,
however, generally considered to be too low to be of
practical use due to its low oscillator strength and broad
linewidth at room temperature, which leads to weak
absorption values [18,25,30]. Previous works that utilized
the singlet absorption for ODMR have thus either oper-
ated at cryogenic temperatures [25], where the transition
linewidth is narrower and peak absorption thus larger,
or placed the sample in a cavity to resonantly enhance
absorption [26,27]. Cavities were also used to enhance
pump absorption and simultaneously perform ODMR
through the detection of the modulated pump transmission
[31,32].

In this paper, we revisit the idea of utilizing the singlet
('E — '4,) absorption at room temperature to optimize
its performance without the aid of a cavity. Improvements
compared to previous works include a longer beam propa-
gation path, narrow spin transition linewidths, optimized
probe polarization, multifrequency MW excitation, and
balanced probe beam photodetection. We achieve a mag-
netic sensitivity of 18 pT/+/Hz, which is better than pre-
vious works that utilized cavities or worked at cryogenic
temperatures. Avenues to further improve the sensitivity
are discussed. We also found additional absorption con-
tributions at the probe wavelength that originate from a
defect native to diamond by chemical vapor deposition
(CVD).

II. EXPERIMENTAL METHODS

A continuous-wave (CW) laser at 532 nm (Coherent
Verdi) excites an ensemble of N-V centers (P4, — °E)

and a CW laser at 1042 nm is used to probe the sin-
glet transition 'E — !4;. The 1042-nm beam is generated
with a tunable laser (TOPTICA DL pro), which is cou-
pled to a polarization-maintaining single- mode fiber. The
exiting beam of the fiber is collimated with a parabolic
collimator and split into two paths; see Fig. 1(b). One
beam is directly focused on one input of the balanced
photodiode (PD, Femto Messtechnik) as a reference sig-
nal and the other passes through a halfwave plate (1/2)
that rotates the polarization of the infrared (IR) beam to
maximize the interaction with specific N-V center ori-
entations. It is deflected and focused with a spherical
lens to a spot about 24 pwm in diameter at the center of
the sample.

The output of the pump laser is attenuated with a
halfwave plate and a polarizer [WP1 and P in Fig. 1(b)],
respectively. The beam is focused on an acousto-optic
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FIG. 1. (a) Electronic structure of negatively charged nitrogen

vacancy (N-V7) centers showing relaxation pathways and their
lifetimes following photoexcitation. (b) Schematic of the setup
implemented. WP, halfwave plate (1/2); P, polarizer; L, lens; M:
mirror; DM: dichroic mirror; C, collimator; BS, beam splitter;
BP, bandpass filter; BPD, balanced photodetector; LIA, lock-in
amplifier. (c) MW signal generation system.
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modulator (AOM) (G&H 3200-146, Crystal Technology)
and the first-order deflected beam is collimated with
another lens (L2). The output beam is combined collinearly
with the IR beam using a dichroic longpass mirror at
850 nm [DM in Fig. 1(b)], and focused with the same lens
focusing the IR beam at the center of the sample that is
mounted on a three-axis translation stage. The spot size
of the pump at the center of the sample is around 30 wm
and is assured to be larger than the IR beam over the entire
sample. The Rayleigh lengths of the focused beams are cal-
culated to be around 3 mm. The sample is a '?C-enriched
CVD-grown diamond in [100] orientation, having substi-
tutional nitrogen with a concentration of about 13 ppm
(see Appendix A for more details). The N-V concentration
(both negatively and neutrally charged) is about 4 ppm.
The sample size is 2.6 x 2.6 x 0.5 mm? (polished on all
six facets), and in order to have a better thermal dissi-
pation it is placed on a bigger diamond substrate of size
60 x 60 x 1 mm?. To increase IR absorption, the beams
pass through the long side of the sample with a length of
2.6 mm, thus increasing interaction without using a cavity.
The transmitted beam is first passed through a 1040-nm
bandpass filter with a full width half maximum (FWHM)
of 10 nm to block the pump beam and PL generated by the
sample and focused on the second input of the balanced
photodiode, whose output current is amplified with a built-
in amplifier. The output of the amplifier is connected to a
lock-in amplifier (LIA, Zurich Instruments HF2LI), which
is used to demodulate the signal at a specific frequency that
is explained later.

A bias permanent magnet is placed oriented along [110]
[shown in Fig. 1(b)], which has equal field strength on two
N-V axes ([111] and [111]) and is orthogonal to the other
two ([111] and [111]); see Appendix D. The strength of
the magnetic field at the sample distance is around 1 mT.
The MW signal is applied with a wire placed on top of the
sample with no physical contact. Due to '*N nuclear spin in
this sample, each transition from m; = 0 <> my = %1 has
three hyperfine components; see Appendix B. Addressing

all of these hyperfine splittings simultaneously increases
the ODMR contrast [33]. Having the MW resonant with
both my = 0 <> my; = =1 also increases the ODMR con-
trast; see Appendix D. Therefore, a set of radiofrequency
components is implemented to address all the hyperfine
and both electronic state transitions; see Fig. 1(c). The
MW signal is generated at the frequency of fsg,, which
is set at the zero-field splitting (ZFS) of the 34, (fsg, =
fzrs). A second signal generator producing a customized
sine wave at three frequencies is mixed with the output
signal of the MW signal generator producing six com-
ponents around the ZFS. The frequencies are adjusted to
drive all hyperfine transitions for both spin state transi-
tions. This signal is then amplified and applied to the
wire placed on the sample; see Appendix E for more
details.

ITI. RESULTS AND DISCUSSIONS

In order to measure the pump-induced absorption of
the IR probe by the singlet transition, we measured the
transmitted beam intensity in two cases: where the sam-
ple is pumped (singlet absorption appears) and not pumped
(steady state, no singlet absorption). It is expected that the
transmitted IR intensity decreases as the pump intensity
increases due to absorption by the singlet transition as the
'E level is populated [26,27,34]. However, we also noticed
a competing process whereby, upon increasing the pump
power, the transmission of the IR probe increases [see inset
in Fig. 2(a)]. This is presumably due to the absorption by
other defects in the sample that absorb less (i.e., bleach)
when excited by the pump. Interestingly, this additional
competing process occurs only in our CVD-grown samples
and not in high-pressure high-temperature (HPHT) dia-
mond. IR absorption measurements reveal a pronounced
zero-phonon line at 1358 nm in the CVD samples that is
accompanied by a broad phonon sideband stretching to
the singlet absorption region at 1042 nm; see Fig. 2(a).
This defect is presumed to be related to hydrogen defects
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(a) Absorption spectrum of the sample in the infrared (IR) region. The normalized transmission of the IR beam at 1042 nm

for various continuous-wave (CW) pump powers is plotted in the inset. (b) Differential transmission (A7/T) at 1042 nm with and
without applied MW (red and black curves, respectively). The green plot shows when the pump is on and off. Inset: optical contrast
for various pump powers. (c) Spin contrast and effective spin contrast for various pump powers.
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and predominantly occurs in CVD diamond [35,36]. It is
conceivable that the inevitable coexcitation of this addi-
tional defect during a magnetometry measurement has a
detrimental effect on the N-J spin relaxation properties,
which could potentially favor HPHT diamond over CVD
diamond in certain scenarios. It would thus be interesting
for future studies to investigate this further.

In order to quantify the absorption of the IR beam due
to singlet-level absorption only, that is, to correct for the
pump-induced bleaching of the 1358-nm defect absorp-
tion, a pulsed pump transient absorption technique was
used [34]. Here, the pump power is modulated with the
AOM at 300 kHz with a duty cycle of 30%, and the probe
transmission of the sample is recorded on the oscilloscope
after a transimpedance amplification stage of the photo-
diode output current. The differential transmission plot of
the sample at 1042 nm with and without applied MW is
shown in Fig. 2(b). We define optical contrast as the max-
imum differential transmission modulation A7/T, which
as expected increases almost linearly with pump power
[shown in the inset of Fig. 2(b)]. The optical contrast
without MW (Cyomw) 1s 8% in Fig. 2(b), whereas maxi-
mum AT/T is about 12% with MW (Cyw). The contrast
between these two values then determines the spin con-
trast, as defined by (Cpyw — Chomw)/ (Cyw + Cromw). In
PL ODMR, all detected N-V-PL emissions (not counting
possible N-7° emissions) contribute to the ODMR signal,
making the optical contrast essentially 100%. However,
this is not the case for absorption ODMR, where the sig-
nal will be determined by the product between optical and
spin contrast, which we define as the effective spin con-
trast Ccw. The power dependence of both spin contrast
and effective spin contrast is shown in Fig. 2(c). Note
that the pulsed pump scheme is only used to measure
the transient absorption signal, whereas all magnetome-
try measurements are based on CW pumping. To perform
absorption ODMR, we CW-pump the sample and mea-
sure the transmission of the IR beam while scanning the
MW signal across the resonances, shown in Fig. 3(a) for
a pump power of 200 mW and an applied bias magnetic
field. The peaks are fitted with six Lorentzian functions;
see Appendix D for more details. In this case, only the
output of signal generator 1 (at fsg,) is connected to the
rf amplifier [bypassing the mixer, shown in Fig. 1(c)]. In
Fig. 3(b), the mixed MW signal is applied to address all
hyperfine and both m, = 0 <> m, = =1 transitions. Here,
Jsc, is fixed at the ZFS, 2.870 GHz, and fsg, is scanned
around 17 MHz. In this case, the central peak has the high-
est effective spin contrast Ccw = 1.6% witha FWHM, Av,
of 700 kHz.

To measure the magnetic field, the MW signal is mod-
ulated around the central peak frequency fsg, with a
modulation frequency of fmoq = 5.6 kHz and a deviation
amplitude of f3., = 330 kHz sweeping the signal generator
frequency according to fgey Sin(27 fimoq?). By demodulating

the transmitted IR signal using the LIA at the frequency
of fmod, We obtain a set of dispersive resonances shown in
Fig. 3(c). At the zero-crossing of this curve, the LIA output
signal is linear in the difference between the central MW
and the magnetic resonance frequency, Spia ~ @ (fe — fres),
for a small deviation of |f. — fis| << Av/2 with the coef-
ficient @ o« C/Av. This linear response at zero-crossing is
fitted with the red line in Fig. 3(c). Small changes in mag-
netic field are proportional to the LIA output signal and the
magnetic field is then calculated by the equation ABn-y =
Stiah/(gepa cos(0)), where 6 is the angle between the
measured magnetic field (along [110]) and two N-J axes
with equal field projection (along [111] and [111]), which
is equal to 35.3°; see Appendix D for more details.

The magnetic field sensitivity, measured in an
unshielded environment in the laboratory, is shown in
Fig. 4. It is calculated using the linear spectral density
(LSD) of the recorded signal (magnetic field) in time; see
Appendix F for details. The data plotted in Fig. 4 is the
average LSD of 60 one-second segments of recorded data.
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FIG. 3. ODMR plots measured by IR transmission while MW
field is scanned. (a) A single MW source is used (SG1). (b) The
mixed MW signal addressing all hyperfine splittings for m, =
0 <> my = 1. In both cases the black curve is the recorded
data, green plots indicate Lorentzian functions fitting an individ-
ual peak, and the red plot is the cumulative peaks of the fitting;
see Appendix D for more details. (c) The demodulated output of
LIA when the MW field is modulated. The red curve shows the
fitting of the zero-crossing signal with a line. A bias magnetic
field along [110] is applied with a strength of around 1 mT at the
sample.
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FIG. 4. Relative amplitude spectra of the sensor to character-
ize the magnetic field sensitivity. It is plotted for magnetically
sensitive (black and smoothed curve in red) and magnetically
insensitive cases, and electronic noise. The sensitivity noise floor
of 18 pT/+/Hz is also shown as a green line.

The sensitivity is plotted for three cases: magnetically
sensitive, magnetically insensitive, and electronic noise.
In order to obtain the magnetically sensitive case, the
MW is applied at the resonance, and all present mag-
netic fields, including the 50-Hz power line and its higher
harmonics, are visible in the measurement. Because of
magnetic laboratory interference in the magnetically sen-
sitive curve, it is smoothed with a moving median filter for
better illustration (red plot). For the magnetically insensi-
tive measurement, the MW signal is applied far from the
resonances, having no effect on the spin of the ground-
state electrons. In this case, all nonmagnetic noise sources
including laser fluctuations contribute which leads to a sen-
sitivity noise floor of 18 pT/+/Hz, representing the lowest
value reported so far using IR absorption N-V-based mag-
netometers. Finally, the electronic noise is measured by
blocking all the light sources, reaching the noise floor of
1.5 pT/+/Hz. The bandwidth (BW) of the magnetic field
measurement is defined by the lowpass filter of the LIA,
which is set to 1 kHz. The magnetic field sensitivity of the
setup is further measured using a test magnetic field; see
Appendix H. Based on the measured parameters, the shot-
noise sensitivity is calculated to be around 5 pT/ VHz; see
Appendix G.

IV. CONCLUSION

In this paper, we demonstrated a magnetometer that
employs ODMR detected via absorption of the IR singlet
transition in N-7~ centers at room temperature and without
cavity enhancement, achieving a sensitivity of 18 pT/+/Hz
from dc to 900 Hz, the lowest value reported so far using
singlet absorption ODMR. The absence of a cavity simpli-
fies the setup as it disposes of the need for elaborate cavity
stabilization schemes. An additional diamond defect was
identified in CVD-grown samples that absorbs in the IR

probing range, which may be a limiting factor for further
development due to the additional probe-light absorption.
Substituting CVD diamond with HPHT diamond could
therefore be a sensible choice when building IR absorp-
tion ODMR magnetometers or finding ways to remove the
defect by suitable material treatment.

There are several avenues for pushing the sensitiv-
ity further. The most promising is to increase the probe
absorption, and thus the optical contrast, in a multipath
(e.g., cavity) beam propagation geometry, which would,
however, require incorporating schemes for cavity stabi-
lization. Recent theoretical considerations anticipate sub-
picotesla sensitivities using cavities [37]. Pump power
stabilization and introducing magnetic shielding should
reduce the influence of technical noise, pushing the sen-
sitivity closer to the shot-noise limit, which in turn could
be decreased even further by increasing the IR probe
power. Pulsed ODMR approaches would provide another
path for improvement, as potentially do magnetic flux
concentrators [38].
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APPENDIX A: ABSORPTION SPECTRUM OF THE
SAMPLE

The sample is a '>C-enriched CVD-grown bulk dia-
mond (Element Six). The nitrogen concentration of the
sample before N-JV creation is 13 ppm. The N-J concentra-
tion including both charge states is approximately 4 ppm.
The absorption spectrum of the sample with a thickness of
0.5 mm is shown in Fig. 5.
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FIG. 5. The absorption spectrum of the sample. The zero- APPENDIX C: TRANSITION RATES IN N-F~

phonon line (ZPL) of N-V~ at 637 nm and its phonon sideband
(PSB) on the blue side is visible. Some amount of neutrally
charged N-¥ (N-7°) can also be identified, recognizable by the
ZPL peak at 575 nm.

APPENDIX B: GROUND TRIPLET STATE 34, IN
N-V~

The N-7~ ground state , >4», is an electronic spin-triplet
state with my; = 0, +1. The m, = £1 states are degener-
ate at zero magnetic fields and lie above m; = 0 with
energy 2.87 GHz, which is the zero-field splitting (ZFS).
By applying a magnetic field, the m; = —1 and +1 energy
levels split in proportion to the applied magnetic field (Zee-
man splitting). In this case, the transition frequencies from
my = 0 to my = %1 are given by the equation

v =D+ 8elLB

Bn-y (B1)

where D is the zero field splitting, g, ~ 2 is the electronic
g factor, wp is the Bohr magneton, 4 is Planck’s con-
stant, and By-y is the projection of the magnetic field onto
the N-V axis [3]. Because of the four orientations of N-V
along [111], [111], [111], and [111], there will be separate
splitting for each axis depending on the magnetic field’s
projection along them.

In addition to the Zeeman splitting in the ground state,
nuclear spins result in hyperfine splitting. In this case, the
energy level of the N-J center experiences hyperfine split-
ting due to the nuclear spin of the nitrogen atom, where it
can be N or 1°N, which are spin-1 and spin-1 systems,
respectively. The sample used here is '?C-enriched, which
eliminates the '3C nuclear spin contribution. The nitrogen
defects are '*N, resulting in three states for each electronic
spin. The N hyperfine splitting is 2.16 MHz [40] and
the resulting splitting in the ground triplet state of N-V~
is shown in Fig. 6.

As shown in the schematic of N-V~ in Fig. 7, by pump-
ing the sample, the excited electrons have two relaxation
paths. They either relax down to the ground triplet state
by photoluminescence (PL), or by the nonradiative chan-
nel through the singlet states CE — 4, — 'E — 34,)
via intersystem crossings (ISCs). The PL and ISC rates
are spin-dependent. Electrons with spin m; = £1 tend to
have a higher probability of having an ISC than the m; = 0
state [1]. In order to quantify the spin contrast, the tran-
sition rates for the six-level system N-J that is sketched
in Fig. 7 are listed in Table I. Given the parameters in
the table, the spin selectivity of ISC and PL is notice-
able in the different rates of ISC and PL from m, =0
and my; = 1. By comparing their values, it can be con-
cluded that the ISC-involved process (i.e., IR transition)
has a higher spin contrast due to higher spin selectiv-
ity in the ISC path. The spin selectivity for PL detection
from my; = 0 is calculated to be around 44%, while for
the ISC-involved process from m, = +1 it is approxi-
mately 89%. These values are calculated assuming an
equal electron population in all m; = 0 and m; = £1 of the
excited state 3E, followed by relaxation with the rates listed
below.
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FIG. 7. Schematic of N-V~ with the transition rates shown on
each arrow k;; .
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TABLE 1. The transition rates for the six-level N-J/~ system
sketched in Fig. 7. The k;; parameters are taken from [41]. 1/T
is the lifetime of upper singlet, !4, taken from [18].

Parameter Value

kay = k3 (66 £ 5) us™!
ks (7.9 £4.1) ps~!
kas (53 +7) ps~!
ke1 (1.0 £0.8) pus~!
ke> (0.74+0.5) ps~!
r 10 ns~!

APPENDIX D: ODMR USING IR ABSORPTION

To perform absorption ODMR, we CW-pump the sam-
ple and measure the transmission of the IR beam while
scanning the MW signal across the resonances. Because of
the four possible orientations of N-JV in the crystal, each
may have a different projection of the applied magnetic
field along their axes. The ODMR plot in a case where
the applied magnetic field has different projections on each
N-V axis is shown in Fig. 8 (black curve). In this case, the
different projections cause different Zeeman splittings for
each N-V orientation. Each splitting also has three peaks
due to the hyperfine splitting of '“N. Because of the pre-
ferred polarization dependent on the optical beams and the
MW source, two pairs of peaks have higher intensity than
the other two. By aligning the applied magnetic field along
the [110] orientation, the projections of the magnetic field
on two N-V axes ([111] and [111]) are equal, and the angle
between them is 35.3°, and the angle with the other two
axes ([111] and [111]) is 90°. This bias field orientation
creates two pairs of overlapping N-J axes, shown in Fig. 8
(red curve).

The graph with two pairs of peaks, which is illustrated
in Fig. 3(a), is fitted with six Lorentzian functions and the

1.00

c
i)
8 OIQSW
g
8 =~ 090
52
=S
@ -8 0.85

o
8= osof
©
[
g 0.75 |- Bias magnet along:
[n'd —— random orientation

—[110]
0.7
2.82 2.84 2.86 2.88 2.90 2.92
MW frequency (GHz)
FIG. 8. The ODMR graph when a bias magnetic field is

applied at a random orientation, creating different magnetic field
projections on each N-V axis (black curve) and when it is applied
along [110], creating two pairs of peaks (red curve). The dc level
of the red curve is shifted for better illustration.

TABLE II. Fitting parameters of the CW ODMR graph shown
in Fig. 3(a) with six Lorentzian functions.

Central fre-

Peak index FWHM (MHz) Contrast (%) quency (MHz)
1 0.85 —0.54 2851.23
2 0.82 —0.53 2853.39
3 0.80 —0.52 2855.53
4 0.83 —0.58 2885.32
5 0.84 —0.55 2887.46
6 0.84 —0.54 2889.61

fitting parameters are listed in Table II. The contrast is the
intensity of the ODMR peak for a single hyperfine splitting
in the normalized IR transmission graph.

The ODMR measurements were performed for various
pump and MW powers, and the ratio of the contrast and
FWHM for a single ODMR peak was calculated to find
the optimum powers. The contrast to FWHM ratio for a
single peak [e.g., a single hyperfine transition plotted in
Fig. 3(a)] for various pump powers is plotted in Fig. 9.
The parameters for a fixed pump power and various MW
powers are plotted in Fig. 10. The x axis is the MW power
that is applied to the input of the MW amplifier (with a
gain of 46 dB).

Driving the hyperfine transitions at the same time
increases the contrast to FWHM ratio, thus the mag-
netic sensitivity. Besides, addressing both transitions for
mi=0 < mg=+1 and my=0 <« my, = —1 further
increases the ratio. Therefore, with the MW mixing tech-
nique, we drive all hyperfine transitions for N-J oriented
along [111] and [I11]. In this case, the ODMR plot
has five peaks as shown in Fig. 3(b), which is fitted
with five Lorentzian peaks with the parameters listed in
Table I1I.

06}
| ]
2 |
Sost =
5 = -
= 04t i
i)
-— | | L}
8 0.3}
€ m
8 0.2
. . ™
0.1 : : : : ;
50 100 150 200 250
Pump power (mw)
FIG. 9. CW ODMR contrast to FWHM ratio for various pump
powers.
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TABLE III.

Fitting parameters of the CW ODMR when excit-

ing all hyperfine splitting, which creates five peaks, shown in

Fig. 3(b).

Central frequency

Peak index FWHM (MHz) Contrast (%) (MHz)
1 0.55 —0.67 —4.32
2 0.65 —1.20 —2.16
3 0.70 —1.60 0.01
4 0.67 -1.19 2.18
5 0.57 —0.65 4.35

The MW power is scanned to find the optimum power
while addressing all the hyperfine transitions. The contrast,
FWHM, and their ratio are plotted in Fig. 11. The x-axis is
the power of the MW signal generator (SG1) that is then
mixed with the output of the other signal generator (SG2)
using a mixer. The MW power before the MW amplifier
was measured using an oscilloscope, which for 8 dBm
input power results in —22 dBm for each peak intensity.
The total MW power at the input of the MW amplifier is
—14 dBm.

APPENDIX E: MICROWAVE DELIVERY SYSTEM

The rf system to apply the MW includes a MW signal
generator SG1 (SG396 Stanford Research Systems), a
custom sine wave generator, SG2 (a homemade VHDL
code to run on the field-programmable gate array board
of Moku:Pro, Liquid Instruments), an rf mixer (ZX05-
U4324H-S+, Mini-Circuits), an rf amplifier (ZHL-15W-
422X-S+, Mini-Circuits), and a circulator terminated with
a 50-ohm resistor (UITYBCC6434A2T4SF, UIY). To drive
all hyperfine transitions, SG1 generates a sine wave at the
central frequency of the zero-field splitting (ZFS), fsi
fzrs = 2.87 GHz. SG2 generates three sine waves with a
central frequency of /. and sidebands at f. = 2.16 MHz. f,
is adjusted to be equal to the Zeeman splitting of the m
+1 states, f. = g.uugBy—y, and 2.16 MHz is the hyperfine

(a) T T T T T T T
054 o0 A 1.8
° b A
® Contrast ° 116
° 2 -
o4 A FWHM ° °
D\o 0.4 ° A ° 114 ~
~ N
D ° A T
Lo34 . A 41232
c A
=
3 ° A 41.0 g
< 0.2 ° A
3 At Jos L
o ° A
0.1 ° At Hos
2, a4
2 {04
00 T T T T T T T
-35 -30 -25 -20 -15 -10 -5
MW power (dBm)

splitting energy due to '“N. The output of SG1 is connected
to the local oscillator (LO) of the mixer and the SG2 output
is connected to the intermediate frequency pin (IF). The
output of the mixer is given by

Sapplied = Sin (27 (fzrs + fo)1)
+ sin 27 (fzrs + £ + 2.16 MHz)?)
+ sin 27 (fzrs + f- — 2.16 MHz)1)
+ sin (27 (fzrs — fo)?)
+ sin 27 (fzrs — fo — 2.16 MH2z)1)

+ sin 27 (fzps — fe + 2.16 MHz)t).  (El)

This signal is then connected to the rf amplifier, whose
output is connected to the circulator. The output of the cir-
culator is connected to a closed-loop wire placed on top
of the sample with no physical contact. The Fourier trans-
form of the MW signal applied to the amplifier is measured
using an oscilloscope and plotted in Fig. 12.

For magnetometry measurement, which is explained in
the main text, the frequency of SG2 output is modulated
with a modulation frequency of f,q and deviation ampli-
tude of fyev. In this case, the input signal of the amplifier is
given by

Sapplied = SN 27 (fzrs + fe)t + faev SIN(2T finoal))
+ sin 27 (fzrs + f- + 2.16 MHz)t
+ fdev SIN(2T finoat))
+ sin 27 (fzrs + fo — 2.16 MHz)t
+/dev SIN(27T fimod?))
+ sin (27 (fzrs — fo)t — faev SIN(2TT finod?))
+ sin 27 (fzrs — fo — 2.16 MH2z)t

_ﬁiev Sin(znfmodt))
+ sin 27 (fzps — fc + 2.16 MHz)¢
—fdev SIN2TT finod?)) - (E2)
(b) 0.6
Lost - ",
© ] " L
= n
L o4} ]
E = "
] n
%03} . .
o
g . .
o02r .
| |
01— : : ' ' s :
-35 -30 -25 -20 -15 -10 -5
MW power (dBm)

FIG. 10. The CW ODMR (a) contrast and FWHM and (b) their ratio for peak number 2 (listed in Table II) for various MW powers.
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The CW ODMR (a) contrast and FWHM and (b) their ratio for peak number 3 (listed in Table III) for various MW powers.

This is the case when all the hyperfine levels for both m; = 41 are driven by the MW signal.

APPENDIX F: SENSITIVITY CALCULATION

To calculate the sensitivity graph, the LIA output, which
is demodulated at the f;,,0q, is first recorded for 60 s and is
converted to the magnetic field with the conversion ratio.
Then the data are split into 60 one-second-long measure-
ments and the power spectral density for each 1-second
segment is calculated. This is achieved by calculating the
square root of the Fourier transform, which results in the
linear spectral density (LSD). Finally, all of the spectral
density curves are averaged together, which gives the sen-
sitivity graph shown in Fig. 4. The reason for splitting
the data into 1-second segments is that the LSD might
have a different value than the linear spectrum (LS) that
determines the root square mean (rms). The LSD and LS
conversion ratio is given by

LS
LSD= ——— (F1)
~ ENBW
-20
12 3 45 6
€
[an]
o
=-30
o
2
[e]
o
_40 1 1 || 1 "
2.85 2.86 2.87 2.88 2.89

Frequency (GHz)

FIG. 12. The power spectrum of the applied MW signal to the
amplifier at six frequencies addressing all hyperfine states for
bothm, =0 < m, = £1.

where ENBW is effective noise bandwidth, which is given
by

fs

ENBW = NENBW - . (F2)

and NENBW is the normalized equivalent noise band-
width, f; is the sampling frequency, and N is the number
of data points. The NENBW depends on the window func-
tion used in the calculation of the Fourier transform. The
rectangular window function utilized in this case has an
NENBW value of 1. Given the equations, if f; = N, the
linear spectral density is equal to the linear spectrum.
Therefore, the measured magnetic field LSD has the same
value as the rms value of the applied field at the specified
frequency.

APPENDIX G: SHOT-NOISE SENSITIVITY
CALCULATIONS

To calculate the shot-noise sensitivity for CW ODMR,
we use

4 h Av
)7 =
N 3 /3 8eits Cow/R

(GI)

where /4 is Planck’s constant, g, is the N-V electronic g
factor, up is the Bohr magneton, Av and Ccw are the
linewidth and the contrast of the ODMR peak respec-
tively, and R is the photon-detection rate [3]. In our
measurements, by driving all the hyperfine splitting tran-
sitions simultaneously for m; =0 <« m; = %1, a con-
trast of Ccw = 1.6% and a linewidth of Av = 0.7 MHz
are achieved. Here, R is calculated from the power of
the detected IR on the photodiode, which is around
12 mW. These parameters result in an estimated shot-noise
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sensitivity of around

new =5 pT/vHz. (G2)
Given the sensitivity noise floor of 18 pT/+/Hz, further
sensitivity improvements are possible. Furthermore, given
that the shot-noise limit in this technique is determined by
the external IR light source power, it can be further reduced
by increasing the IR power.

APPENDIX H: CALIBRATING THE MAGNETIC
FIELD SENSOR

As previously outlined in this chapter, the output sig-
nal of the LIA can be converted to the magnetic field
by multiplying with a coefficient. In order to ensure that
the measured magnetic field is correct, we also perform a
test measurement with a known magnetic field. The mag-
netic field is applied along [110] by a homemade coil with
a radius of » =20 mm, N = 10 turns, and placed at a
distance of about d = 26 mm from the sample. The coil
is connected to a signal generator in series with a 1-k2
resistor. The magnetic field generated by the coil is given
by

B — wolimsN =
e 2 (P+d)

(HT)

where I is given by the rms applied voltage (Vims)
divided by the 1-kS2 resistance in series. First, 10-V peak-
peak square pulses are applied to the coil at a frequency
of 1 Hz. The LIA output and the corresponding calcu-
lated magnetic field are plotted in Fig. 13. The calculated
applied magnetic field from the equation mentioned above
is 0.71 T, and the measured parameter (shown in Fig. 13),
is 0.69 wT, which is within a 3% error bar.

0.36f
= o18f

=

ke

€ o.00f

g2

e

Q -0.18}

=

—0.36'
-2 0 2
Time (s)

FIG. 13. Applied test field with a peak-to-peak intensity of

0.71 wT with a frequency of 1 Hz measured with the sensor and
the output voltage of the LIA is plotted.

20 T

N
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!

o
3
L

Magnetic field, B, (nT)
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0.04+— e
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Frequency (Hz)

FIG. 14. Magnetic field spectrum when sinusoidal test mag-
netic fields are applied at various frequencies. The peaks at 50
Hz and its higher harmonics are due to the line power magnetic
noise in the laboratory.

For further testing of the magnetic sensor, ac magnetic
fields at different frequencies are applied to the sample in
the frequency range from 20 to 1000 Hz, as illustrated in
Fig. 14. The measured values at these frequencies are listed
in Table IV. As shown, the measured value decreases as
the frequency increases. The magnetic field intensity cal-
culated by the coil equation is 1.40 nT (20 mV s applied
to the coil). Therefore, a calibration factor is required for
the sensor to operate at various frequencies. The calibra-
tion factor is shown in Fig. 15. The measured value with
the sensor must be multiplied by the calibration factor
to calculate the applied magnetic field. This frequency-
dependent behavior is believed to be due to the integration
time constant of the lock-in amplifier.

TABLE IV. Measured test magnetic field value at various
frequencies.

Frequency (Hz) Measured B,s (nT)
20 1.42
70 1.42
120 1.40
220 1.31
320 1.23
420 1.14
520 1.05
620 0.96
820 0.88
820 0.79
920 0.71
1000 0.65
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FIG. 15. Calibration factor calculated based on the test mag-
netic field to calibrate the real applied magnetic field value.
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