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S1. BANDWIDTH AND SIGNAL-TO-NOISE
RATIO

For a nitrogen-vacancy (NV) ensemble-based magne-
tometer that interrogates NV orientations sequentially, a
measurement of the full vector magnetic field exhibits a
reduced maximum bandwidth relative to a measurement
of a single magnetic field component on the same device.
The bandwidth difference arises because the full mag-
netic field vector must be deduced from multiple mea-
surements interrogating different NV orientations. If a
measurement using a single NV orientation requires time
T, a sequential measurement utilizing all four NV ori-
entations will require time 47 to sense the full vector
magnetic field. Thus, the maximum bandwidth of a full
vector magnetic field measurement utilizing all four NV
orientations is 4x lower than for a magnetic field mea-
surement utilizing a single NV orientation.

In contrast, for a simultaneous vector magnetometry
measurement, each NV orientation is interrogated for the
full measurement time. Because the measurement signal-
to-noise ratio (SNR) scales as v/T for statistically uncor-
related noise, the simultaneous technique achieves 2x the
SNR for each NV orientation as the sequential measure-
ment. In practice, the relative SNR enhancement may
be higher than 2x, as a sequential measurement using a
single microwave (MW) generator may suffer from dead
time when the MW carrier frequency is switched between
the optically detected magnetic resonance (ODMR) fea-
tures from different NV orientations. We expect the tech-
nique and associated 2X sensitivity improvement to be
applicable even in the few-NV regime, as long as there
exist N'Vs of all four orientations within the interrogation
volume.

S2. MITIGATION OF CROSS-EXCITATION
AND INTERMODULATION

Here we discuss cross-talk issues that may degrade
the performance of a simultaneous vector magnetometer.
First, off-resonant excitation of one NV orientation by
MWs intended to drive another NV orientation is a gen-
eral concern for both simultaneous and sequential vector
magnetic field sensing as well as single-axis sensing from
NV ensembles. This type of cross-talk is mitigated in this

work by using a sufficiently strong bias magnetic field to
spectrally separate the NV ODMR features. Modulated
ODMR (1] is less sensitive to off-resonant excitation than
conventional continuous-wave (CW) ODMR because the
MW frequency modulation and subsequent lock-in de-
tection generates a dispersion-type signal, which is ap-
proximately proportional to the derivative of the ODMR
lineshape [2, 3]. In an NV ensemble, the ODMR features
exhibit approximately Lorentzian lineshapes [4]; at large
detunings A compared to the full width at half maximum
T of a Lorentzian-type feature (A > T'), the Lorentzian
wings decay as ~ 1/A2%. As a result, the change in
detected PL in response to a small magnetic field de-
viation, i.e., dPL/dB;(A), falls off as ~ 1/A%. Mean-
while, the wings of the dispersion-type lock-in signal de-
cay as ~ 1/A3 far off resonance. Therefore, response
of the lock-in signal S; to a small magnetic field devia-
tion, dS;/dB;(A), scales as ~ 1/A* This ~ 1/A* fall-
off was confirmed experimentally by applying an 18 Hz
magnetic field along the lab-frame z-axis and detecting
the signal on the channel corresponding to the highest-
frequency ODMR line, centered at v+ (see main text
and Fig. 1(d)), using a MW drive with carrier frequency
detuning varied from +5MHz to +15MHz. At the ap-
plied EO, the nearest two hyperfine ODMR, subfeatures
from different NV orientations are separated by 30 MHz,
which is large compared to the ~ MHz ODMR linewidths,
so we conclude that off-resonant cross excitation during
vector magnetometry measurements is negligible.

Second, if multiple MW tones v; pass through the same
MW amplifier, the amplifier’s nonlinear response near
saturation may cause intermodulation. In particular,
third-order products 2v; — v; may drive NV spin tran-
sitions if they happen to coincide with any of the ODMR
features. The present device mitigates this effect by using
four MW amplifiers, one for each MW carrier frequency
(see Fig. S1). For particular values of the bias field By,
two amplifiers may be sufficient to avoid cross-excitation
if the intermodulation products are far off resonance from
all NV ODMR features.

Third, intermodulation products of the modulation fre-
quencies f; may also appear in the detected PL due to in-
sufficiently suppressed off-resonant MW cross-excitation
or to NV-NV dipolar interactions. This intermodulation
may occur when NV spins of a given crystallographic ori-
entation are interrogated by two sets of modulated MWs



v; and v; with different modulation frequencies f; and f;.
Because of the NV-center’s nonlinear response to MW
driving, the detected PL may be modulated not only at
both f; and f;, but also at sums, differences, and higher-

order products of f; and f;. The strong bias field EO,
along with the use of four MW amplifiers, avoids acci-
dental near-resonant excitation by multiple MW tones
in the present experiment. As shown in Fig. S6, a judi-
cious choice of modulation frequencies f; ensures that all
remaining third-order intermodulation products lie out-
side each channel’s measurement bandwidth, and thus
the present device avoids complications from intermodu-
lation.

Fourth, we note a possible complication that should
be accounted for in envisioned applications. If magnetic
field signals are present at frequencies above the mea-
surement bandwidth, these signals may be aliased into
the wrong measurement channel. For example, a high-
frequency field causing shifts in the NV, ODMR line
could be detected in the band corresponding to the NV,
ODMR line and be misinterpreted as a low-frequency
field along the NV, symmetry axis. However, such spu-
rious signals could be rejected in postprocessing by re-
quiring that sensed signals correspond to geometrically
possible field vectors. Such a requirement would elimi-
nate, for example, signal waveforms appearing in only a
single measurement channel.

S3. NOISE ANALYSIS

The dominant contributors to the present instrument’s
noise floor are determined to be uncompensated MW and
laser noise based on the following observations: First, we
measure uncompensated laser noise by recording magne-
tometer data with the MW sources turned off, removing
the device’s sensitivity to magnetic fields or MW noise,
and we observe a noise floor ~1.5x above shot noise. Sec-
ond, under typical experimental conditions (with MWs
applied to the sensor), the lock-in amplifier phase for each
demodulation frequency is chosen to maximize magnetic
signal in the in-phase channel and minimize magnetic sig-
nal in the quadrature channel. The quadrature channel is
thus insensitive to magnetic fields while still being sensi-
tive to MW and laser intensity fluctuations. We observe
approximately the same noise level for both the in-phase
and quadrature channels, 2.5-3x above shot noise. This
observation suggests that uncompensated laser and MW
amplitude noise, not magnetic noise, limit the present
device’s sensitivity.

We also investigated possible magnetic noise sources
and determined that these sources are unlikely to limit
the sensitivity of the present device. Ferromagnetic ob-
jects exhibit thermal magnetization noise [5], with am-
plitude varying with frequency f as 1//f [6]. As the
device’s noise level is frequency-independent over the de-
vice’s frequency encoding bands (see Fig. S6), thermal
magnetization noise can be ruled out as the dominant

noise source. The flat noise spectrum also suggests that
resonant mechanical vibration of the bias magnets does
not limit the device’s noise level; this motion would likely
generate narrow-band noise in the ~ 10Hz to ~ 1kHz
range. Finally, Johnson-Nyquist currents in nearby con-
ductive materials were estimated to generate magnetic
noise ~ 500{T/ VHz or less, below the present device’s
noise floor.

S4. MAGNETOMETER CALIBRATION AND
OFF-AXIS FIELD NULLING

Because the optical table used in the present exper-
iment is made from ferromagnetic steel, the magnetic
fields detected at the diamond sensor differ from the ex-
pected fields calculated from the known coil and diamond
geometry [2, 7]. For this reason, the simultaneous vector
magnetometer is calibrated by conventional sequential
magnetometry using the same experimental setup. Se-
quentially addressing the NV ODMR lines yields lock-in
signal slopes dS; /dAv; that differ from the simultaneous
measurement lock-in signal slopes by up to 1%. This dif-
ference is consistent with a ~1% increase in the ODMR,
linewidth of the probed NV orientation when the other
NV orientations are driven with near-resonant modulated
MWs. The linewidth increase is observed by comparing
the PL signal measured by sweeping a MW tone over
one ODMR  feature both with and without application of
resonant MWs to ODMR features from the other NV ori-
entations. We hypothesize that the broadening is caused
by driving NV spins from other orientations out of the
mg =0 state into the ms==1 states, thereby increasing
NV-NV dipolar interactions.

The magnetic fields from the coils oriented along the
two horizontal directions # and Z are observed (using
both sequential and simultaneous vector magnetometry)
to be distorted due to the ferromagnetic optical table, re-
sulting in nonzero magnetic field components along the
vertical  direction. The off-axis components are approx-
imately ~ 20 % of the total field produced by each coil.
In contrast, components of x-coil’s field along the z-axis
and vice versa occur at the few-percent level and are at-
tributed to error in coil alignment. Signal from the y-coil
appearing along & and 2 is similarly negligible. The ob-
served distortion of the z-coil and z-coil signals along ¢
is consistent with numerical simulations of the coils and
the ferromagnetic optical table using the Radia package
in Mathematica [8, 9], up to the uncertainty of the ta-
ble’s relative permeability. To effectively null the off-axis
fields, small currents at the frequencies f, = 67Hz and
f»=18Hz were applied to the y-oriented coil. The effec-
tiveness of the field nulling was verified through standard
NV vector magnetometry using sequential addressing of
the NV resonances. Remaining non-idealities in the ap-
plied fields at the few-percent level, which can be seen
in Fig. 4 of the main text, are attributed to imperfect
off-axis field nulling and error in coil alignment.



S5. HIGH BANDWIDTH VECTOR SENSING
DEMONSTRATION

Figure S4 shows simultaneous sensing of all Carte-
sian components of high-frequency vector magnetic fields,
achieved by operating the present device with higher
modulation frequencies than employed in the main text
to achieve =~ 12.5kHz measurement bandwidth. Test
magnetic fields at 1kHz and 10kHz were generated by
applying sinusoidal currents to the coils aligned along &
and Z, respectively. The magnetic field vector was recon-
structed from the frequency shifts detected from three
NV orientations: A, x, and ¢. Modulation frequencies
fr =40.896kHz, f, =12.780kHz, and f, = 68.160 kHz
were used, with carrier frequencies and frequency devia-
tions identical to those employed in the sensing demon-
stration in the main text, reported in Table I. The PL
was digitized at Fy = 204.480kSa/s and converted to
ODMR line center frequency shifts via measured lock-
in signal slopes: dS)/dAvy =9.2uV/kHz, dS, /dAv, =
16.6 uV/kHz, and dS,/dAv, = 7.0uV/kHz. The ob-
served reductions in signal slope are consistent with re-
duced ODMR contrast at higher modulation frequen-
cies due to the finite cycling time of the NV quantum
states [1, 2, 10].

Recorded PL data were digitally demodulated and
band-pass filtered from 80 Hz to 12.5 kHz. The maximum
sampling rate F®* =204.8kSa/s of the digitizers used
in the present device limited this demonstration to mod-
ulation frequencies < F"**/2 =102.4kHz. In addition,
the modulation frequencies were chosen to divide evenly
into the sampling rate to avoid aliasing effects, which lim-
ited the highest modulation frequency to Fs/3. Meeting
these requirements for ~ 12.5kHz measurement band-
width resulted in several harmonics and intermodulation
products of the modulation frequencies being located in
the frequency encoding bands of the measurement chan-
nels. Therefore, 1-Hz-wide FFT filters were employed
to remove harmonics and intermodulation products of
the modulation and signal frequencies. Optimal high
bandwidth sensing with this method would require use
of higher modulation frequencies (and thus higher sig-
nal sampling rate) than employed here to ensure that
harmonics and intermodulation products fall outside the
encoding bands of the measurement channels.

The detected ODMR line shifts were transformed into
Cartesian magnetic field components via the linearized
method discussed in the main text, using in place of A
the 3 x 3 submatrix A’ consisting of the first three rows
of A, and using its inverse (A’)~! in place of AT. Be-
cause of the ferromagnetic optical table and ~ 20 mH
inductances in the magnetic field coils, pick-up of the
10kHz signals by coils aligned along the other two axes
is expected, along with interference from other metallic
elements in the setup, resulting in non-negligible 10 kHz
magnetic field components detected along &, ¢, and 2.
No field-nulling currents were applied to the coils in this
demonstration.

S6. SYSTEMATIC OFFSETS AND DRIFTS

Factors limiting accurate determination of the bias
field parameters (B}h D, and J\_;tz) include, for example,
uncertainty in the NV g-tensor [11-13], which may lead
to a ~10~* fractional error in the magnetic field magni-
tude in the absence of external calibration. In addition,
angular errors in the bias field measurement may result
from uncertainty in the diamond spatial orientation. The
diamond is nominally cut to have (110) edges and {100}
front facets; however, angle deviations from these cuts
typically vary by ~1°. Additionally, we estimate a few-
degree uncertainty in the orientation of the diamond crys-
tal with respect to the magnetic field coils. For simplicity,
in the present study, the lab frame is defined with respect
to the diamond lattice vectors, and thus diamond orien-
tation uncertainty is ignored. The angles between the
diamond’s cut facets and internal lattice vectors may be
measured via X-ray diffraction, and external calibration
methods may be employed to determine the orientation
of the diamond lattice vectors with respect to an external
reference frame [14].

Small diamond lattice distortions resulting from both
external and internal stress may also limit accurate mea-
surement of BO, D, and J\_/tz External stress on the di-
amond is expected to cause distortions of <« 1°. For
example, applying a 1N cantilever force on one side of
a4dmm x4mm x 0.5mm diamond crystal is estimated
to cause a < 0.01° deflection, based on the 1200 GPa
Young’s modulus of single-crystal diamond [15]. Strain
within the diamond is also estimated to change the lattice
angles by <« 1°. For example, considering a typical strain-
dependent ODMR line-center shift of ~500kHz [16] and
longitudinal and transverse NV strain coupling parame-
ters of ~ 15 GHz/strain [17, 18], a distortion of ~0.002°
is expected.

To estimate the effect of a 0.01° lattice distortion on
the bias field parameters (By, D, and M, ), the Hamilto-
nian fit model used to extract the bias field parameters
from the 8 measured ODMR line centers was altered to
introduce a change of magnitude 0.01° in each of the as-
sumed NV angles. For a set of 10> ODMR line center
measurements, the extracted field parameters with these
altered angles were compared against the field parame-
ters extracted assuming no distortion in the tetrahedral
angles (frer = 2cos™1(1/1/3)). From this test, we esti-
mate a 0.01° lattice distortion results in fractional errors
of ~107% in the components of the bias field By (~ 1 uT
at the measured bias field |§0\ =7.99mT), as well as a
~ 3 x 107% fractional error in D (~ 8kHz), and ~ 1073
fractional errors in the entries of M, (~ 10 Hz).

However, because the present instrument is optimized

to measure small magnetic fields ésens at frequencies >
5 Hz, systematic offsets in the bias field parameters only
affect the measured components of ésens by altering the
entries of the linearized matrix A and its pseudoinverse

A™T. The estimated errors in the bias field parameters



due to angle distortion change the entries of A and A™
by «0.1%, and thus change the reconstruction accuracy
of small signal fields by < 0.1% (see main text).

Drifts in temperature, longitudinal strain, or diamond
orientation may be compensated by periodically measur-
ing the ODMR spectrum and recalculating A and A™.
Assuming such magnetometer recalibration is performed
on a time scale much shorter than drifts in diamond ori-
entation, the sensed value of the scalar field |Bsens| is
expected to be robust to these drifts to well within the
uncertainty of the linearized field reconstruction method.
For example, for simulated signal fields of magnitude
ranging from 1 nT to 10 uT, simulated diamond rotations
of up to 30° yield fractional changes of < 107 in the re-
constructed field magnitude.

S7. ODMR HYPERFINE FEATURES

Figure S5 displays an ODMR spectrum from the dia-
mond sensor crystal employed in the present work at the
bias field Bb, for various MW drive strengths. Each of
the eight main ODMR features exhibits subfeatures cor-
responding to splittings from the NV electric quadrupole
moment and the hyperfine interaction between the NV
electronic spin and the N nuclear spin (I = 1) [19].
The three principal subfeatures correspond to allowed
M1 magnetic dipole transitions Am; = 0 [4], and the
two smaller outer subfeatures (along with a third un-
resolved subfeature) correspond to forbidden transitions
with Am;=+1. These forbidden spin transitions have
been previously observed [13] and arise from state mix-
ing mediated by the significant off-axis components of
the bias magnetic field By. As shown in Fig. S5, the lo-
cations of these subfeatures are in good agreement with
theoretical calculations of the forbidden transition fre-
quencies [4, 19]. The relative intensity of the forbidden-
transition subfeatures is observed to increase with ap-
plied MW power.

S8. ANISOTROPIC VECTOR SENSITIVITY

For a vector magnetometer that measures field projec-
tions along multiple fixed axes in space, the response to
a magnetic field’s magnitude may vary with the field’s
direction. As a result, the device sensitivity may be
anisotropic, in that higher-precision estimation of a mag-
netic field’s magnitude may be possible when the field
is oriented along certain directions relative to other di-
rections. Consider for example a two-dimensional vec-
tor projection magnetometer with sensing axes oriented

4

along 7 = & and ny = g. A field Esens will pro-
duce a different net signal on the vector magnetometer
depending on the field’s angular orientation. If ésens
projects equally on & and g, e.g., Bions = (Bsens/V?2) & +
(Bsens/V'2)7, then the total detected signal Sy is given
by

Snet = |S1] + [S2]
o | Buens * | + | Beens -
X Bsens/ V2 4 Bsens/V?2
X BsensV2,

(S1)

whereas if ésens is oriented along %, then the total de-
tected signal is instead only Spet < Bsens-

For an NV-diamond-based four-axis vector magne-
tometer operating in the low-field regime (where the ap-
proximation that the ODMR line shifts are proportional
to the on-axis magnetic field projections is valid), the net
signal is

Snet X |Bsens : ﬁ>\| + |Bsens : ﬁ)<| + |Bsens : ﬁap‘ + |Bsens '(’fg@ |)

2
Figures S7(a) and S7(b) show the expected net signal
on a four-axis NV vector projection magnetometer from
a unit-magnitude magnetic field as a function of field
direction. In this simplified case, magnetic fields oriented
along the crystal lattice vectors [100], [010], and [001],
produce the largest net signal of any field orientation. We
note that fields with these orientations project equally on
all four NV symmetry axes. In contrast, the net signal
is minimized for fields oriented along the crystal lattice
vectors [110] and [110].

For an NV-diamond-based four-axis vector magne-
tometer operating in the general regime (where magnetic
field projections both parallel and transverse to the NV
symmetry axes may cause ODMR line shifts), the net

signal for small ésens is

Snct o0 |A1 : Escns| + |A2 : éscns' + |A3 : B’scns‘ + |A4 : gscns|7

(S3)
where A, is the i*" row of the linearized matrix A, dis-
cussed in the main text. Equation S3 can be used to
determine the angular dependence of the net signal from
a fixed-magnitude magnetic field on the present device
in the bias field By= (3.54,1.73,6.95) mT, as depicted in
Fig. S7(c). As shown in Fig. S7(d), the more generalized
treatment (Eq. S3) introduces a non-negligible shift in
the anisotropy compared to that predicted by the simple
projection-based treatment (Eq. S2).
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FIG. S1. Electronic equipment used to generate MW tones to drive four NV orientations in the simultaneous vector magne-
tometer. Analog inputs and outputs are abbreviated Al and AO.
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Determine 8 line centers (Eqn. B1)
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FIG. S2. Flowchart of magnetometer calibration and measurement protocol
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FIG. S3. Magnetometer noise in the absence of applied magnetic fields. All data are band-pass filtered from 5Hz to 210 Hz
and notch-stop filtered at 49, 50, 60, and 338 Hz. a) B, spectral density from a 1-second measurement and corresponding time
trace (inset). b) B, spectral density and time trace (inset). c¢) B, spectral density and time trace (inset). The sensitivity to
magnetic fields along z, y, or z may be determined by (i), squaring the measured root-mean-square (RMS) spectral density to
obtain the power spectral density; (ii), integrating over the sensing bandwidth to obtain the variance U%I, U%y, or 0232; (iii),
dividing the variance by the double-sided bandwidth 2 fensw; and (iv), taking the square root (see main text and Egs. 2 and
D3). These data are consistent with sensitivities 1, =57 pT/\/m, Ny =46 pT/\/E7 and n, =45 pT/\/m.
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FIG. S4. Simultaneous vector magnetic sensing of high-frequency fields with ~12.5 kHz measurement bandwidth. Sinusoidal

magnetic fields were applied at 1kHz and 10kHz.

a-c) Frequency shifts of ODMR line centers detected from three NV

orientations: A, x, and ¢. d-f) Cartesian field components reconstructed from detected frequency shifts. Modulation frequencies
fr =40.896 kHz, f, = 12.780kHz, and f, = 68.160kHz were employed, and PL was sampled at F, = 204.480kSa/s. Several
notch-stop filters removed cross-talk from harmonics and intermodulation products of the modulation and signal frequencies. As
discussed in Section S5, achieving cross-talk-free sensing (see main text Figs. 3 and 4) with ~12.5 kHz measurement bandwidth
requires modest technical upgrades to the device.
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FIG. S5. ODMR spectrum of an NV ensemble in applied bias field |Bo| = 7.99mT, By = (3.54,1.73,6.95) mT for various
MW drive strengths. The blue (highest contrast) trace depicts the spectrum with MW power typical of operating conditions,
while the green (middle) and red (lowest contrast) traces depict the same spectrum with MW power reduced by 12 and 24 dB,
respectively. The subfeatures within the eight main ODMR features correspond to splittings associated with the NV center’s
electric quadrupole moment and the hyperfine interaction between the NV electronic spin and N nuclear spin (I=1) [19].
The three principal subfeatures correspond to allowed M1 magnetic dipole transitions with Am; = 0, and the two smaller
subfeatures correspond to forbidden transitions with Am;==1, which appear due to state mixing mediated by the significant
off-axis magnetic field [13] and are more pronounced for stronger MW drive. Inset shows the ODMR feature enclosed in the gray
box. Dashed lines mark the allowed hyperfine transitions [4, 19]; dotted lines mark the frequencies associated with forbidden
hyperfine transitions between states of different my [4, 13]. Traces are slightly offset for clarity in both main figure and inset.
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FIG. S6. Spectral density from vector magnetometry demonstration described in the main text and displayed in Figs. 3 and
4 after laser noise cancellation. In (a), low-frequency noise is apparent, revealing the utility of modulated ODMR to approach
shot-noise-limited magnetometry. Harmonics and intermodulation products of the modulation frequencies f; are also visible.
Magnetic signals encoded around the harmonics are reduced by ~ 10x compared to signals around the fundamental f;, and
signals around the intermodulation products are below the noise floor. (b) Zoomed-in plot of gray box in (a). Magnetic signals
encoded around the modulation frequencies f; are visible, along with intermodulation products of f; and the harmonic at
2f, =5408 Hz.
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FIG. S7. Anisotropy of vector magnetometer response. (a) Net signal on a four-axis projection-based NV-diamond magne-
tometer versus direction for a fixed-magnitude magnetic field Biens. The response is largest for magnetic fields oriented parallel
or antiparallel to the diamond crystal lattice vectors ([100], [010], [001]). (b) Same as (a) but with lab-frame z-, y-, and
z-axes. Net signal is minimized for magnetic fields along 2 and ¢ ([110] and [110]). (c) Net signal on the present NV-diamond
vector magnetometer in the bias field Bo= (3.54,1.73,6.95) mT, including contributions from field components both parallel
and transverse to the NV symmetry axes. A slight shift of the signal anisotropy compared to (a) is apparent. (d) Slices of
the surface plots in (a) and (c¢) for z=0. Red dashed (--) and blue solid (—) curves respectively mark the net signal from the
simplified projection-based magnetometer, and from the present magnetometer.
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