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Vector magnetometers based on the optically detected magnetic resonance (ODMR) of nitrogen-vacancy
centers in diamond are being developed for applications such as navigation and geomagnetism. However, at
low magnetic fields, such as that on Earth (∼50 µT), diamond magnetometers suffer from spectral congestion
whereby ODMR peaks are not easily resolved. Here, we experimentally investigate a potential solution of using
an isotropic, three-dimensional magnetic flux concentrator to amplify Earth’s field without altering its direction.
The concentrator consists of six ferrite cones, in a face-centered cubic arrangement, centered about a diamond.
We vary the direction of a 50 µT applied field and record and fit the resulting ODMR spectra. By comparing the
fitted fields to those of a reference fluxgate magnetometer, we characterize the angular response of the diamond
magnetometer and quantify absolute errors in the field magnitude and angle. We find that the enhancement
factor is nearly isotropic, with a mean of 19.05 and a standard deviation of 0.16, when weighted by solid angle
coverage. Gradient broadening of the ODMR lines is sufficiently small that the spectra are well resolved for
nearly all field directions, alleviating spectral congestion. For ∼98% of the total 4π solid angle, Cramér-Rao
lower bounds for magnetic field estimation uncertainty are within a factor of 2 of those of the fully resolved
case, indicating minimal deadzones. We track the stability of the magnetometer over 6 h and observe variations
�40 nT/h, limited by temperature drift. Our study presents a route for diamond vector magnetometry at Earth’s
field, with potential applications in geomagnetic surveys, anomaly detection, and navigation.

DOI: 10.1103/bwm1-hw59

I. INTRODUCTION

Vector magnetometry in Earth’s ambient magnetic field
(∼50 µT) is important for applications such as navi-
gation [1–4], mineral exploration [5,6], landmine detec-
tion [7,8], and geomagnetic surveys [9,10]. A number
of instruments are available for this purpose, including
fluxgate magnetometers [11,12], alkali-metal vapor mag-
netometers [13,14], superconducting quantum interference
devices [5,15], Hall-effect probes [16,17], and magnetoresis-
tive sensors [18,19]. Recently, vector magnetometers based
on the optically detected magnetic resonance (ODMR) of
diamond nitrogen-vacancy (NV) centers have emerged as a
promising alternative. Diamond magnetometers have reached
sub-picotesla sensitivity [20–22], and they offer the advantage
of simultaneously measuring all magnetic field vector compo-
nents at a single position [23–25], owing to the four fixed NV
crystallographic axes. They have been integrated into compact
sensors [26–32] and tested in field applications [26,32].
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However, realizing high accuracy in Earth’s magnetic field
remains a challenge for diamond vector magnetometers, due
to spectral congestion. For a field magnitude of ∼50 µT, the
24 NV spin resonance frequencies are clustered over a range
of �7 MHz. For typical NV ODMR linewidths, � ≈ 1 MHz
full-width-at-half maximum (FWHM), the resonance frequen-
cies cannot be uniquely resolved, preventing accurate vector
measurements. Moreover, spectral shifts due to strain can lead
to significant absolute errors at low fields [33–35].

A common solution to the spectral congestion problem is
to apply a large bias field and measure Earth’s field as a per-
turbation [24,26,32]. However, this method has the drawback
of requiring a very stable bias field. For example, realizing
sub-picotesla drift with a 1 mT bias field requires �1 ppb field
stability. An alternative solution is to make use of the polariza-
tion anisotropy of the NV microwave and optical transitions to
selectively address subsets of ODMR peaks [36–40], but this
does not completely remove ambiguity due to imperfect po-
larization selection rules [36] and the significant contribution
of strain shifts.

Magnetic flux concentrators have recently been integrated
with diamond magnetometers to improve sensitivity by am-
plifying magnetic fields in either one [20,21,29,41,42] or
two [28] dimensions. However, an isotropic response is
needed for applications in dynamic environments that require
accurate measurements of the full field vector [1,2,6]. We
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FIG. 1. Apparatus and operating principle. (a) Diagram of the experimental setup. An epifluorescence microscope is used to perform
NV ODMR spectroscopy. An adjustable polarizer on the NV fluorescence path is not shown. A three-axis Helmholtz coil assembly mimics
Earth’s magnetic field with arbitrary direction. A triaxial fluxgate magnetometer (FG) serves as a “ground-truth” reference. (b) Close-up
of the isotropic flux concentrator, diamond membrane, and half-ball lens. Six MN60 ferrite cones (each 15-mm long, with 6-mm-diameter
base and 0.24-mm-diameter flat tip, see Appendix A 2) in a face-centered cubic configuration are positioned with tips ∼0.3 mm from the
illuminated diamond volume. Three orthogonal cones are axially adjustable, while the others are affixed to the half-ball lens. Separate wires
are wound around the three fixed cone tips to provide polarized microwaves (MW) (see Appendix A 1). (c) Position of the four NV axes with
respect to the reference fluxgate Cartesian axes (“lab frame”). (d) Photo of the assembly from the point of view of the incoming laser. (e)
Simulated ODMR spectrum at | �Bapplied| = 50 µT of NV centers without (ε = 1, top) and with (ε = 19, bottom) isotropic flux concentrators.
The linewidth is chosen to be � = 0.5 MHz FWHM. A diagram of the NV transitions associated with each of the NV axes and each of the
�ms = ±1 transitions is illustrated at the bottom (14N hyperfine splitting is omitted for visual clarity).

hypothesized that an isotropic flux concentrator—one that am-
plifies all magnetic vector components equally—could both
improve sensitivity and resolve the spectral congestion prob-
lem by amplifying Earth’s field. Prior work combined triaxial
flux concentrators with magnetoresistive [43,44] and coil-
based [45,46] magnetometers, but the response was highly
anisotropic [45,46].

Here, we experimentally demonstrate that a device consist-
ing of three orthogonal pairs of ferrite cones acts as a nearly
isotropic magnetic flux concentrator for diamond vector mag-
netometry. We vary the direction of an applied 50 µT field and
find that ODMR spectra are well resolved for nearly all field
directions. We characterize the angular response of the dia-
mond magnetometer and quantify absolute errors in the field
magnitude and angle. We apply a Cramér-Rao bound analysis
to evaluate angular “deadzones” and find that high-precision
magnetic vector estimation is possible for approximately 98%

of the full 4π solid angle. Finally, we record the stability of the
magnetometer and identify a potential source of systematic
error due to temperature drift. Our study reveals the promise
of isotropic flux concentrators for Earth’s field diamond vector
magnetometry.

II. EXPERIMENT

The experimental apparatus is depicted in Fig. 1(a), with
additional details in Appendix A. An epifluorescence config-
uration is used to perform NV ODMR spectroscopy. Light
from a 532 nm laser (∼10 mW) is focused by a plano-convex
lens (numerical aperture, NA = 0.3) and sapphire half-ball
lens onto an NV-doped diamond. NV fluorescence is collected
by the same lenses, spectrally filtered, and focused onto a
photodetector. Three orthogonal pairs of Helmholtz coils are
used to zero the ambient lab field and apply a magnetic field
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in any direction. A triaxial fluxgate magnetometer, near the
center of the coils, serves as a reference to record the applied
magnetic field vector and defines the “lab frame.”

Figure 1(b) illustrates the miniature components of the
apparatus. A 12C isotopically purified diamond, doped with
∼4 ppm of NV centers, is cut into dimensions ∼250 × 250 ×
50 µm3, with the large faces polished normal to a [110] crys-
tallographic direction [47,48]. The membrane is affixed to
a 500-µm-diameter sapphire half-ball lens and placed at the
center of an isotropic magnetic flux concentrator. The flux
concentrator consists of three orthogonally aligned MN60 fer-
rite cone pairs, with the NV illumination volume at the center.
The cones are mounted within a machined polyetheretherke-
tone (PEEK) housing. One cone from each orthogonal pair is
affixed to the half-ball lens, while the other three cones can be
translated along their cone axes, using fine-thread screws, with
micrometer accuracy. Copper wires wound around each of
the three fixed cones are used to apply microwave fields with
adjustable polarization. Figure 1(c) illustrates the directions
of the four NV axes with respect to the lab frame, as defined
by the fluxgate magnetometer’s axes. Figure 1(d) shows a
photograph of the fabricated device. Appendix A 2 discusses
the device design and fabrication, which involves optimizing
a trade-off between sensor size, enhancement factor, gradient
broadening, and mechanical alignment tolerance.

Figure 1(e) shows simulated ODMR spectra, at
| �Bapplied| = 50 µT, with and without an isotropic flux
concentrator of enhancement factor ε = 19. NV centers
consist of an S = 1 electronic spin, which is weakly coupled
to an intrinsic I = 1 14N nuclear spin. Each NV center has six
allowed spin transitions (�ms = ±1, �mi = 0). For an NV
center aligned along the ẑ direction, the ODMR frequencies
are calculated by applying the spin transition selection rules
after diagonalizing the Hamiltonian:

H ≈ DS2
z + E

(
S2

x − S2
y

) + γnv �Bnv · �S
+ A||SzIz + PI2

z + γnuc Bnv,zIz, (1)

where D = 2.87 GHz and E ≈ 1 MHz are the axial
and transverse zero-field splitting parameters, respectively,
γnv = 28.03 GHz/T is the NV gyromagnetic ratio, �Bnv

is the magnetic field vector within the NV illumination
region, A|| =−2.17 MHz is the axial hyperfine constant,
P = −4.95 MHz is the quadrupole splitting parameter, and
γnuc = −3.07 MHz/T is the 14N nuclear gyromagnetic ratio.
Note that Eq. (1) omits transverse hyperfine and nuclear Zee-
man terms, which have negligible contribution for the low
fields studied here.

There are four possible NV axes, which we denote by unit
vector êκ . Each NV axis is assumed to be equally populated
in the diamond and has its own set of six spin transitions con-
strained by Eq. (1). The resulting ODMR spectrum thus has a
total of 24 peaks. For small magnetic fields γnv| �Bnv| � D, the
24 ODMR frequencies are approximately given by

f ±
i,κ ≈ D ± (γnv �Bnv · êκ + A||mi ). (2)

As seen from Eq. (2), the 24 ODMR frequencies are
spread over a range of at most 2(γnv| �Bnv| + A||) ≈ 7 MHz at
| �Bnv| ≈ 50 µT. An example simulated spectrum is plotted at
the top of Fig. 1(e) for the case of no flux concentrator with

| �Bnv| = | �Bapplied| = 50 µT and Lorentzian ODMR FWHM
linewidths set to a relatively low value, � = 0.5 MHz. Here,
there is significant spectral congestion. All 24 ODMR peaks
overlap, and it is difficult to uniquely determine the magnetic
field vector. With an isotropic magnetic flux concentrator, the
internal field within the diamond is amplified, �Bnv = ε �Bapplied.
In Fig. 1(e), an example simulated ODMR spectrum is plotted
for the same �Bapplied and � = 0.5 MHz, but now with ε = 19.
All 24 ODMR peaks are well resolved for this field orienta-
tion, allowing for accurate estimation of �Bnv and, for a known
enhancement factor, �Bapplied (see Appendix B).

III. ISOTROPIC FLUX CONCENTRATOR DESIGN

We first corroborate the isotropic nature of our flux
concentrator geometry using finite-element magnetostatic
simulation. Figure 2(a) shows a map of the magnetic field
under an applied field | �Bapplied| = 50 µT, oriented at angles
θ = 45◦ and φ = 45◦ as defined in Fig. 1(c). Far from the
cones, the field is uniform, with the same magnitude and angle
as �Bapplied. In the center of the gap between cones (inset),
the field magnitude is enhanced by a factor of ε ≈ 19, while
the angle of �Bapplied is preserved. Moreover, the enhanced
magnetic field is fairly uniform throughout the center of the
gap region, indicating the potential for isotropic flux concen-
tration without substantial gradient broadening.

We performed an initial validation of the isotropic flux
concentrator design by obtaining ODMR spectra as a function
of applied field angle. We set | �Bapplied| = 50 µT, as confirmed
by the reference fluxgate magnetometer (see Appendix C 3).
We then acquired ODMR spectra for a fixed field azimuthal
angle φ = 60◦, varying the polar angle θ . The experimental
results are shown in Fig. 2(b). Figure 2(c) shows simulated
ODMR spectra under the same experimental conditions. The
ODMR transition frequencies are computed from Eq. (1) us-
ing �Bnv = ε �Bapplied, with ε = 19. The simulated spectra are
largely in agreement with experiment, indicating no major
deviations from isotropic enhancement. Moreover, the exper-
imental ODMR linewidth, � ≈ 1.2 MHz, is within a factor of
2 of the linewidth in the absence of flux concentrators, con-
firming the absence of substantial gradient broadening (see
Appendix B).

The experimental spectra in Fig. 2(b) are well resolved,
demonstrating relief from spectral congestion. A figure of
merit for spectral congestion is the ratio γnv| �Bnv|/�, where
a larger value is desirable. In the absence of flux concentra-
tors, taking � ≈ 1.2 MHz at | �Bapplied| = 50 µT, this ratio is
γnv| �Bapplied|/� ≈ 1.2, which is insufficient to resolve ODMR
peaks and accurately determine �Bapplied. In our experiments,
with ε = 19, we realize a ratio γnvε| �Bapplied|/� ≈ 22, which is
sufficient to resolve all 24 ODMR peaks for most field angles.

IV. ANGULAR DEPENDENCE AND ACCURACY

We next characterize the angular dependence of the de-
vice in detail. A magnetic field | �Bfg(θ, φ)| = 50 µT is applied.
Here, �Bfg(θ, φ) is the field vector recorded by the reference
fluxgate magnetometer after accounting for a small (∼1 µT)
persistent offset field between the fluxgate and diamond
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FIG. 2. Flux concentrator design and validation. (a) xy-plane
magnetic map of the device, simulated by three-dimensional finite-
element magnetostatic modeling, for | �Bapplied| = 50 µT directed at
angle θ = φ = 45◦. Cones along ẑ are not shown but are present in
the simulation. (b) ODMR spectra obtained for | �Bapplied| = 50 µT at
φ = 60◦ as a function of θ . For most field angles, all 24 ODMR peaks
are resolved. (c) Simulated ODMR spectra under the experimental
conditions in panel (b). Transition frequencies are computed from
Eq. (1) using �Bnv = ε �Bapplied, with ε = 19.

magnetometer positions (see Appendix C 4). We record an
ODMR spectrum (6 s of signal averaging) and fit it to deter-
mine the field within the NV illumination region, �Bnv, making
use of separate measurements of the orientation of the NV
axes with respect to the lab frame (see Appendix C 4). We
then change (θ, φ) in 10◦ increments and repeat until the full
4π solid angle has been mapped twice.

Figure 3(a) shows an example ODMR spectrum along with
its fit. The fit function comprises 24 Lorentzian peaks with
variable contrast C and FWHM linewidth �. The Lorentzian
central frequencies are constrained to be a set of allowed
spin transition frequencies obtained from the Hamiltonian
in Eq. (1) (see Appendix D 1 for details on the algorithm,
assumptions, and constraints). All parameters in Eq. (1) are
fixed based on either literature values (A‖, P, γnv, and γnuc) or

independent measurements (E ). The only exception is the ax-
ial zero-field splitting parameter, D, which is allowed to vary
within 2870.08 ± 0.04 MHz to account for its dependence on
ambient temperature variation. Owing to the optical and mi-
crowave polarization dependence of the NV spin transitions,
each NV alignment has a distribution of C and � over {θ, φ}
that is somewhat distinct from the others (see Appendix D 2).
These distributions are statistically deduced and used to aid
the fit initial parameters and constraints.

From the ODMR spectrum fits at each applied field angle,
we compute several metrics to characterize the accuracy of the
device. The quantity ε = | �Bnv|/| �Bfg| is the scalar enhancement
factor. For a perfectly isotropic flux concentrator, ε would
be independent of field angle. The experimental ε(θ, φ) is
plotted in Fig. 3(b). While there is some variation of ε with
field angle, it is relatively small, indicating nearly isotropic be-
havior. When weighting each measurement by its solid-angle
coverage (Appendix E), we find a mean value ε̄ = 19.05 and
standard deviation σ (ε) = 0.16, corresponding to a fractional
variation σ (ε)/ε̄ = 8 × 10−3.

Another metric is the field angle error, defined as �α =
cos−1[ �Bfg · �Bnv/(| �Bnv|| �Bfg|)]. This metric captures undesired
rotations of the field angle due to flux concentrator anisotropy.
Figure 3(c) plots �α(θ, φ). When weighting for solid-angle
coverage, we find a mean error of �̄α = 0.57◦.

Next, we compute errors for each of the field vector
components, given by � �B = �Bnv/ε̄ − �Bfg, under the assump-
tion of isotropic enhancement, ε̄ = 19.05. The results for
each field component are shown in Fig. 3(d). While the
deviations are relatively small (�1 µT for a 50 µT applied
field), a systematic fixed pattern is present. Variations in
� �B(θ, φ) correspond to weighted standard deviations of
{0.34, 0.38, 0.49} µT for �Bx,y,z, respectively.

While these metrics capture deviations from isotropicity,
they do not represent fundamental limits on the magne-
tometer accuracy. In Appendix F, we show that the residual
angular dependence of ε can largely be accounted for by
representing the magnetic field within the NV illumination
region as �Bnv = E �Bfg, where E is a 3 × 3 transformation
matrix. Moreover, E can be accurately estimated using as
few as three measurements of �Bnv obtained under fields
applied in different directions. A six-measurement calibra-
tion using orthogonal applied fields provides slightly better
accuracy. The resulting diamond magnetometer field esti-
mate is E−1 �Bnv, and field vector errors are given as � �B =
E−1 �Bnv − �Bfg. With the six-measurement calibration, we find
that variations in � �B(θ, φ) correspond to weighted standard
deviations of {0.14, 0.11, 0.13} µT for �Bx,y,z, respectively.
The weighted mean of angle errors becomes 0.19◦ and the
weighted standard deviation of the relative field magnitude
errors is σ (|� �B|/| �Bfg|) = 2.6 × 10−3. Each corresponds to
a factor of ∼3 reduction compared to the use of a scalar
enhancement factor.

V. ESTIMATION THEORY ANALYSIS OF DEADZONES

For some applied field angles, the ODMR spectra are diffi-
cult to fit. While using knowledge of neighboring fit results to
improve initial parameters (Appendix D 2) enables the fits to
converge, the resulting fit parameters appear as discontinuities
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FIG. 3. Magnetometer angular response. (a) Example experimental ODMR spectrum (black) and fit (dashed orange). The ODMR central
frequencies of each NV axis are annotated with colored vertical bars. (b) Angular dependence of the enhancement factor, ε(θ, φ). After
weighting measurements by their solid angle coverage, the mean enhancement is 19.05 and standard deviation is 0.16. (c) Angular dependence
of the field angle error, �α(θ, φ). The weighted mean error is �̄α = 0.57◦. (d) Field vector errors, � �B = �Bnv/ε̄ − �Bfg, under an assumption of
an isotropic concentrator with ε̄ = 19.05. Errors in the estimated field vector can be reduced using a precalibrated matrix representation of the
enhancement to describe residual anisotropy (see Appendix F).

in Figs. 3(b)–3(d). We noticed that these field angles corre-
spond to ODMR spectra with significant spectral overlap. We
selected a small region of the solid angle where such overlap
occurs for further investigation.

Figure 4(a) shows the fitted value of ε over this region,
with fine increments in (θ, φ) of 1◦. Sharp discontinuities in
the fitted value of ε appear at θ ≈ 160◦. Figure 4(b) shows
the ODMR spectra as a function of θ for fixed φ = 69◦. It is
seen that the ODMR peaks of two pairs of NV axes overlap
at θ ≈ 160◦, and the number of resolvable ODMR peaks is
reduced from 24 to 12. These data suggest a strong correlation
between fit error and spectral overlap, which we confirm by
analyzing fit statistics in Appendix G.

To gain further insight into the angular dependence of the
magnetometer and the undesired impact of spectral overlap,
we apply a Cramér-Rao bound analysis [49]. As shown in Ap-
pendix G, a 3 × 3 Fisher information matrix can be expressed
as

Ip,q( �Bnv) ∝
imax∑
i=1

∂Ffi ( �Bnv)

∂Bp

∂Ffi ( �Bnv)

∂Bq
, (3)

where Ffi ( �Bnv) is the ODMR spectral response for microwave
frequency fi in a magnetic field �Bnv, imax is the number of
points in the spectrum, and p and q are indices spanning the
{x, y, z} Cartesian axes. Expression (3) is derived assuming
the noise at every point in the ODMR spectrum has the

same Gaussian or Poissonian distribution. For a given field
within the NV illumination region, �Bnv, the Cramér-Rao lower
bound on estimation uncertainty of vector component Bp is
calculated from the diagonal elements of the inverse Fisher
information matrix as CRB(Bp) = √

[I−1]pp.
We computed the relative Cramér-Rao bounds for each

field component at all possible angles of �Bnv, taking | �Bnv| =
1 mT. The results are shown in Figs. 4(c)–4(e) for the same
angular subregion as explored experimentally in Fig. 4(a). A
peak in the Cramér-Rao bounds of each field component is
observed at θ ≈ 160◦, indicating that the theoretical uncer-
tainty in field estimation is greatest for these field angles.
We also compute an additional metric, the error ellipsoid
volume [50] that captures a combined uncertainty across all
three field components, EEV = 1/

√
det(I ). The EEV of the

same subregion is plotted in Fig. 4(f). It also exhibits local
maxima at θ ≈ 160◦.

In Appendix G, we show plots of the calculated
CRB(Bx,y,z ) for all angles (θ, φ), taking | �Bnv| = 1 mT. The
theoretical bounds and the experimental fit uncertainties ex-
hibit peaks at the same angular positions, corresponding
to crystallographic directions of substantial ODMR spectral
overlap (Fig. 17). Notably, the exact CRB values in these
zones depend on assumptions of the ODMR contrast. The
calculations presented in Fig. 4 and Appendix G assume
each NV axis has a distinct contrast, due to the polariza-
tion anisotropy of the NV optical and microwave transitions.
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all 24 ODMR lines are resolved, but at θ ≈ 160◦, only 12 peaks can be discerned. (c) Cramér-Rao lower bound for estimation uncertainty of
Bx , calculated for | �Bnv| = 1 mT over the same angular region as panel (a). (d), (e) Same as panel (c) except for By and Bz, respectively. (f) Error
ellipsoid volume, EEV, over the same angular region as panels (a), (d), and (e).

Specifically we choose the average contrast for a given
NV axis observed in the experiments of Fig. 3. In this
case, the CRB(Bx,y,z ) values in regions of spectral over-
lap are significantly smaller than those when we assume
every NV axis has the same contrast. This indicates that
the polarization anisotropy of the NV optical and mi-
crowave transitions is a valuable resource in minimizing
deadzones.

A metric for quantifying the boundaries of angular “dead-
zones” in a magnetometer can be constructed by evaluating
where CRB(Bx,y,z ) is a factor of �2 of those of the fully
resolved case. From the analysis in Appendix G, we find
that this deadzone condition holds for 1.7% of the total 4π

solid angle for estimation of Bx, 2.1% for By, and 2.3% for
Bz. While a sufficiently large bias field can result in a more
flat angular dependence [24,51], the deadzone fraction of
our device is comparable to or better than our estimates for
other zero-bias vector magnetometers based on spin resonance
reported in the literature (Appendix H), such as alkali-
metal vapor sensors (1%−35% [52]) and Overhauser nuclear
magnetic resonance magnetometers (10%−50% [53]). The
deadzone fraction could be further reduced by using a smaller
NV illumination volume to reduce gradient broadening and
modifying the concentrator geometry to provide a larger en-
hancement factor.

VI. TEMPORAL STABILITY

Finally, we tested the stability of the magnetometer by
recording ODMR spectra continuously over a period of 6
h. The field is initially set to [35.18,−30.43,−16.83] µT,
resulting in a well-resolved spectrum. Figure 5(a) shows the
magnitude of the fluxgate reference magnetometer signal as a
function of time. The field was largely stable to �40 nT over
the course of the measurement. Figure 5(b) shows the fitted
field magnitude within the diamond illumination region, | �Bnv|
as a function of time. Here, some additional drift is observed
as well as an oscillatory pattern with a period of ∼1 h. We
convert this signal to an external field magnitude estimate by
dividing by a scalar enhancement factor, ε0 = 19.27, that is
appropriate for this field angle. The variations in field estimate
| �Bnv|/ε0 are ∼100 nT over the 6-h measurement, somewhat
larger than that of the fluxgate reference. This corresponds
to a variation of enhancement factor, ε = | �Bnv|/| �Bfg|, over a
range of approximately 19.25–19.29 [Fig. 5(c)]. Neverthe-
less, the variations in field magnitude estimate do not exceed
∼40 nT over any given hour, which is comparable to or
better than prior diamond magnetometer works [20,21,32,54].
Moreover, we track the stability of the field angle error �α

[Fig. 5(d)] and find a drift of �0.04◦ over the course of 6 h,
indicating promise for absolute diamond vector magnetome-
try [24,34,55].
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(a)

(b)

(c)

(d)

(e)

FIG. 5. Sensor stability. (a) Fluxgate magnetometer field mag-
nitude | �Bfg| vs time. (b) Time dependence of | �Bnv|, as measured by
ODMR spectroscopy (6 s of signal averaging for each spectrum).
The right axis represents a field estimate, assuming isotropic en-
hancement factor ε0 = 19.27. (c) Scalar enhancement factor ε vs
time. (d) Field angle error �α = cos−1( �Bf g · �Bnv )/(| �Bnv|| �Bf g|) vs
time. (e) Time dependence of the fitted zero-field splitting, where
�D = D − 2870 MHz.

We attribute the ∼1 h period oscillation present in
Figs. 5(b) and 5(c) to variation in the ambient temperature.
Figure 5(e) shows the time dependence of the zero-field
splitting. A clear oscillation is observed with a peak-to-peak
amplitude of ∼10 kHz. Given the known temperature depen-
dence of D [56], this corresponds to a temperature oscillation
with a peak-to-peak amplitude of ∼0.14 K. The oscillation
period and amplitude are consistent with the lab temperature
feedback control, which was characterized by monitoring D
and the lab temperature versus time on different nights (Ap-
pendix I). Since variations in D should not affect the magnetic
field estimation, we hypothesize that the oscillations present
in Figs. 5(b) and 5(c) are due to thermal expansion of the flux
concentrators [20]. This is a potential source of systematic
error that might be mitigated in the future by calibrating the
enhancement factor’s temperature dependence, using mechan-
ical feedback on the assembly to counteract thermal effects, or
using a temperature-controlled housing to stabilize the tem-
perature [41] .

VII. DISCUSSION

Our study highlights the promise of isotropic flux concen-
trators to reduce spectral congestion in magnetic resonance
and quantum sensing applications. We demonstrated a device
that can accurately detect Earth’s magnetic field with mag-
nitude errors at the ∼100 nT level and angle errors �0.2◦.

This is already comparable to some commercial triaxial mag-
netoresistance sensors [57–60] and approaches the offset and
orthogonality errors of some commercial fluxgate magne-
tometers [61,62]. In contrast to those triaxial magnetometers,
our device offers the advantage of simultaneously measuring
all magnetic field vector components at a single position.
Moreover, the magnetic sensitivity is expected to be ∼19-
times better than a diamond vector magnetometer without flux
concentrators using the same optical power [20].

Several challenges still remain, and overcoming them will
be important for field applications. First, the concentrator
demonstrated here is not perfectly isotropic, as the angle de-
pendence of the enhancement factor has a relative standard
deviation of 0.8%. While precalibration improves the accu-
racy, a more mechanically precise device (Appendix J) would
be advantageous. Second, the temperature dependence of the
concentrator leads to drifts in field estimation at the level
of ∼40 nT/h in our experiments. This could be improved
by better temperature control or data correction. Finally, our
study performed ODMR spectroscopy with a relatively broad
frequency span (80 MHz) and slow repetition rate (5 Hz)
(see Appendix A 1 for details on the microwave sweep pa-
rameters). The measurements were not optimized for high
sensitivity. Instead, we used signal averaging to ensure that the
sensitivity was adequate to resolve absolute accuracy errors.
While this is useful for characterizing the device accuracy
and angular dependence, a practical field magnetometer could
benefit from using multifrequency microwave modulation
methods [24] for sensitive field vector estimation. The use of
higher laser power and higher numerical aperture collection
optics would also improve the magnetic sensitivity, potentially
reaching the ∼1 pT s1/2 level [20].

In summary, we have demonstrated how a nearly isotropic
flux concentrator can be used to perform diamond vector
magnetometry at Earth’s magnetic field. We characterized the
angular dependence of the device and identified critical fac-
tors for further improvement. We anticipate our method may
find application in geomagnetic surveys, magnetic anomaly
detection, and inertial navigation systems.
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APPENDIX A: EXPERIMENTAL SETUP

1. Tabletop apparatus

The experimental setup is shown in Fig. 1 of the main
text. Here, we provide additional details. The polarization of a
532-nm diode-pumped solid-state laser (Thorlabs DJ532-40)
beam is adjusted via wave plates. The laser beam reflects off
of a dichroic mirror (Thorlabs DMLP567L) and is focused
by a 1-inch-diameter NA = 0.3 lens. The converging laser
light passes through an ∼25-mm-diameter hole in the corner
facet of the cubic PEEK housing, then through a 500-µm-
diameter sapphire half-ball lens (Edmund Optics, 49-553),
and finally is incident on the diamond membrane. We estimate
that ∼10 mW of laser light is incident on the diamond. The
laser spot size in the diamond is ∼50 µm diameter. The laser
spot area, together with the ∼50 µm thickness of the diamond
membrane, define the NV illumination region.

Red NV fluorescence from the diamond passes through the
half-ball lens and is collimated by the NA = 0.3 lens. The
fluorescence beam then passes through the dichroic mirror
and is filtered through a 650-nm long-pass filter (Thorlabs
FELH0650). Finally, the fluorescence light passes through an
adjustable linear polarizer (Thorlabs LPVISE100-A) and is
focused by an NA = 0.78 lens (Thorlabs ACL12708) onto
an amplified photodetector with variable gain (Newport New
Focus 2051). The photodetector output is connected to an
oscilloscope (Yokogawa DL9040L) and ODMR sweeps are
triggered by the ramp of the microwave signal generator.

A triaxial fluxgate magnetometer (Sensys FGM3D 1000)
provides reference field measurements. The fluxgate magne-
tometer and PEEK housing are attached to a plexiglass sheet.
A photograph of the PEEK housing and fluxgate magnetome-
ter is shown in Fig. 6(a).

The diamond membrane is cut from a 12C-enriched dia-
mond, grown by chemical vapor deposition, that was doped
with ∼4 ppm NV centers via electron irradiation and anneal-
ing. The large faces of the membrane are polished normal
to a [110] crystallographic direction. Similar pieces of this
diamond were used in Ref. [48]. The [110] surface-normal
directions point approximately parallel to the x̂ + ŷ + ẑ direc-
tion of the lab frame. The diamond membrane (dimensions:
∼250 × 250 × 50 µm) is centered on the flat surface of the
half-ball lens and fixed using UV-curing epoxy. A photo-
graph of the diamond affixed to the half-ball lens is shown
in Fig. 6(b).

Enameled copper wire (38 gauge) is used to deliver mi-
crowaves. Three separate wires are wound around the three

(a) (b)

FIG. 6. Photographs of the assembly. (a) PEEK housing (cubic,
∼2 inch outer dimensions) and triaxial fluxgate magnetometer, as
placed during experiments. The heads of the fine-thread screws used
to translate the adjustable cones are visible. (b) Diamond membrane
affixed to the 500-µm-diameter sapphire half-ball lens.

fixed ferrite cones’ tips. The wires are soldered to SMA con-
nectors affixed to the PEEK housing.

By varying the laser light polarization, fluorescence polar-
ization, and microwave polarization, we are able to vary the
relative ODMR contrast of each NV axis. We select a com-
bination of polarizations that allows for appreciable (>0.5%)
contrast for every ODMR line [see Fig. 3(a) of the main text].
This choice ensures that the magnetic sensitivity of each field
component is similar for most applied field angles.

A set of three-axis Helmholtz coils (Serviciencia, Fer-
ronato BH600-3-B) with ∼0.6 m coil diameters encloses the
diamond and cone assembly. Varying the current in the coils
allows us to simulate Earth’s magnetic field with full vector
control.

All ODMR spectra analyzed in the main text
[Figs. 2(b), 3, 4(a), 4(b), and 5] used the same microwave
sweeping sequence. The signal frequency from a signal
generator (Stanford Research Systems SG384) is repeatedly
swept from 2.83 to 2.91 GHz in a ramp waveform, at a rate of
4.86 Hz. The microwave power output by the signal generator
(−9 dBm) is amplified by a power amplifier (Mini-Circuits
ZHL-16W-43-S+). The signal then passes through a 2–4 GHz
circulator (Pasternack PE8401) and is fed to the copper wires
wrapped around the fixed cone tips.

2. Flux concentrator design and construction

The design of the isotropic flux concentrator involves opti-
mizing a trade-off between sensor size, enhancement factor,
gradient broadening, and mechanical alignment tolerance.
For example, a small sensor is desirable for many field ap-
plications. However, larger concentrators may be easier to
mechanically align, and they feature larger enhancement fac-
tors, which (all else equal) improves sensitivity and alleviates
spectral congestion. In principle one could make the con-
centrator small and still realize a large enhancement factor,
by shrinking the gap between cones. However, for a finite-
size NV illumination volume [in our case, approximately
(50 µm)3], this leads to broadening of the ODMR lines (at
nonzero applied field) due to spatial variation in the enhance-
ment factor. Once gradient broadening dominates the ODMR
linewidth, further increase of the enhancement factor will not
improve the sensitivity or alleviate spectral congestion. It may
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0.6 mm

15 mm
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0.24 mm

FIG. 7. Cone dimensions. Four (out of six) cones are shown for
visual clarity. The other pair of cones are aligned normal to the page,
with the same dimensions and gaps.

also be harder to align and keep mechanically stable such a
configuration.

We conducted a series of parameter sweeps using finite-
element magnetostatic modeling to decide on the design. We
constrained the entire concentrator device to fit within an
∼30 mm cube and chose MN60 ferrite as the flux concentrator
material [20]. We defined the NV illumination region as an
∼(50 µm)3 volume in the center of the device. We required
that, under a 50 µT applied field, the standard deviation of the
magnetic field within the NV illumination region was �10 µT.
This condition corresponds to an estimated gradient broaden-
ing contribution to the ODMR FWHM linewidth of less than
1 MHz. We also required that the average enhancement factor
within the NV illumination volume did not vary as a function
applied field angle by more than 0.1% and the average field
angle within the NV illumination volume did not deviate from
the applied field angle by more than 0.1◦. Finally, we required
that the diameter of the ferrite cone tips was never smaller
than 0.24 mm, based on expected machining tolerances, and
the diameter of the bases was small enough to provide optical
access to >50% of the fluorescence solid angle.

Under these constraints, the largest simulated enhancement
factor is when the cone length is 15 mm. The exact cone
tip and base diameters are not very consequential, but a base
diameter of 6 mm and tip diameter of 0.24 mm is able to sat-
isfy our requirements for gaps �0.5 mm. The dimensions and
spacings of the final design for the ferrite cones are depicted
in Fig. 7. The simulated enhancement factor as a function
of gap between cone pairs is shown in Fig. 8. While the
enhancement factor increases monotonically with decreasing
gap, gap lengths �0.5 mm do not meet our gradient broad-
ening requirements and were thus not used. The observed
enhancement factor of 19 is consistent with an ∼600 µm gap
between cone tips.

The cones were assembled in the manner as follows. First,
the PEEK housing is machined from a 2 inch cube, and the
bases of each of the six cones are affixed to the housing. Next,
the tips of the three fixed cones are adhered to the curved

FIG. 8. Modeling cone gap. The enhancement factor ε at the
center of the geometry is simulated as a function of the gap between
cone tips.

surface of the half-ball lens. They are configured in such a
way that the half-ball lens’ apex is centered in between the
cones to allow for maximum light throughput.

After the assembly is fabricated, the distance from the
center of the NV illumination volume to the fixed cone tips
is ∼300 µm. In order to align the adjustable cones, we slowly
decrease their gap until the enhancement factor along all axes
is ∼19. Figure 9 shows the simulated behavior of the enhance-
ment factor as the adjustable cones are translated. As can be
seen, the ε = 19 target is realized only when the adjustable
cones are all 300 µm from the center of the NV illumination
region.

APPENDIX B: GRADIENT BROADENING

In Sec. III of the main text, we introduced a figure of
merit, γnv| �Bnv/�|, to quantify the degree of spectral conges-
tion, where a larger value indicates less spectral congestion.
This figure of merit resembles the resolving power of a

FIG. 9. Modeling asymmetric gap. The distance from the center
of the NV illumination region to the three fixed cones is fixed at
300 µm. The enhancement factor ε is simulated by simultaneously
adjusting the separation of the three adjustable cones with respect
to the fixed cones. This separation defines the “asymmetric gap”
horizontal axis. The desired enhancement factor ε ≈ 19 is realized
only when all of the cone tips are ∼300 µm from the NV illumination
region’s center.
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FIG. 10. Field dependence of ODMR spectra. Simulation of
ODMR spectra as a function of magnetic field magnitude for the
same field angle as the data presented in Fig. 5 of the main text.

spectrometer. In our case, the numerator is approximately
proportional to the distance between ODMR peaks associated
with different NV axes, while the denominator is approxi-
mately the spectral spread of each ODMR peak.

Figure 10 shows a plot of the 24 ODMR transition frequen-
cies as a function magnetic field magnitude within the NV
illumination volume. Ignoring the triplet hyperfine structure, it
is seen that gaps between peaks associated with different NV
transition frequencies grow proportional to field magnitude,
confirming the logic behind the numerator in the spectral con-
gestion figure of merit. The hyperfine triplet structure means
that each transition associated with a particular NV axis is
actually comprised of three peaks separated by approximately
|A‖| = 2.17 MHz. This property does not feature in our spec-
tral congestion figure of merit because the hyperfine triplet
peak separations are largely independent of field angle and
magnitude. In such cases, the triplet can be thought of as
just a more complicated line shape. However a more precise
analysis of spectral congestion would include the hyperfine
coupling, particularly for characterizing the behavior at very
low field.

As discussed in Appendix A 2, care was taken to design
a flux concentrator that minimized gradient broadening due
to spatial variation in enhancement factor. Nevertheless, we
observe some broadening to the ODMR lines that scales
proportional to field, indicative of spatial variation of enhance-
ment factor within the diamond illumination region. Figure 11
is a plot of the fitted FWHM, �, of each of the 24 ODMR
peaks at four applied fields from 50 to 200 µT (0.5–2 G).
While there is a substantial spread in the fitted � for any
given field, a clear trend of increasing � with applied field
is observed.

Once � grows linearly with applied field, the spectral con-
gestion figure of merit saturates and increasing the applied
field further does not reduce congestion. It appears that this
already happens at or near Earth’s field (50 µT) for our device.
The �(|Bapplied|) data in Fig. 11 are fit to two models:

� =
√

(α|Bapplied|)2 + �2
0, (B1a)

� = α|Bapplied| + �0, (B1b)

where �0 is the intrinsic power-broadened FWHM and α is a
scale factor. The quadrature-sum model is appropriate if the
ODMR lines and field distribution can both be described by

FIG. 11. ODMR linewidth vs applied field. The fitted ODMR
FWHM, �, of each of the 24 ODMR peaks are plotted as a
function of applied field magnitude |B|. The data are fit to Expres-
sions (B1). The fit to the quadrature-sum model yields α = 1.430 ±
0.004 MHz/G and �0 = 1.14 ± 0.03 MHz, while the fit to the linear
model yields α = 1.21 ± 0.01 MHz/G and �0 = 0.67 ± 0.03 MHz.

Gaussians, while the linear model is appropriate if the line
shapes can both be described by Lorentzians. Either model
fits well to the data, with the main difference being the fitted
values of the intrinsic linewidth, �0 = 0.67 ± 0.03 MHz for
the quadrature-sum model and �0 = 1.14 ± 0.03 MHz for
the linear model. We expect the true line shape to be closer
to a Voigt profile, in which case the true zero-field FWHM
would be somewhere between these values. In any case, it is
expected from the data in Fig. 11 that �0 is within a factor of 2
of �(50 µT) ≈ 1.2 MHz, as assumed in estimates of spectral
congestion in Sec. III of the main text.

The power-broadened FWHM of the ODMR peaks of this
diamond was previously measured to be �0 ≈ 0.6 MHz [48],
albeit under somewhat different microwave and laser powers.
This value is consistent with our estimates of �0. We also
acquired ODMR spectra under zero applied field to infer
�0 (Fig. 12). The apparent FWHM is ∼1.5 MHz, which is
consistent with our estimates of �0, but slightly higher, per-
haps due to underlying strain-shift structure.
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FIG. 12. Zero-field ODMR spectrum. The magnetic field was
hand-tuned to cancel the ambient magnetic field. The apparent
FWHM is ∼1.5 MHz. The splitting between the two peaks is 2|A‖| =
4.34 MHz. The splitting between the inner shoulders is 2E ≈ 2 MHz.
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Dynamic range

The dynamic range of the field measurement is ultimately
dictated by the mode of operation. In our case, we acquire
magnetometer data by sweeping across all ODMR peaks. This
provides the largest dynamic range. Though we have not char-
acterized it precisely, the dynamic range is limited by spectral
congestion on the lower end and gradient broadening on the
upper end to approximately 25–200 µT (see Fig. 11). More
sensitive modes of operation (i.e., multifrequency resonant
microwave modulation [24]) would require feedback routines
to maintain a similar dynamic range.

APPENDIX C: DATA COLLECTION AND CALIBRATION

1. Saved data

Every experiment run through the LabVIEW interface
saves a file containing the following information. For the
ODMR spectrum recorded from the oscilloscope, we store
the oscilloscope trace, trigger settings, number of averages,
number of points in the trace, seconds per division, volts per
division, and time delay. For the triaxial fluxgate magnetome-
ter readings, we store the mean and standard deviation of each
vector component, the number of samples, and the timestamp.
For the three-channel current controller of the Helmholtz
coils, we store the applied currents and voltages. Additionally,
each experiment saves metadata such as the timestamp of
the experiment and the various calibration files that are most
relevant for analysis.

2. Time-axis calibration

Our magnetometer’s accuracy relies on a precise mapping
of microwave frequency to time on the oscilloscope. To cor-
rect for delays and nonlinearity in the microwave frequency
ramp sweep, we use a mixer method for calibration. The
signal from a microwave signal generator (TPI-1005-A) is set
to a fixed frequency, either 2.62, 2.87, or 3.12 GHz, represent-
ing the beginning, middle, and end of an ODMR frequency
ramp sweep, respectively. The fixed-frequency signal is fed
into the radio-frequency (RF) port of a microwave frequency
mixer (ZEM-4300MH+ mixer). The output of the microwave
signal generator used for ODMR spectroscopy (SRS SG 384)
is fed into the local oscillator (LO) port of the mixer. This
microwave signal frequency is swept in the same way as
in ODMR spectroscopy experiments, with a frequency span
of 0.5 GHz. The intermediate frequency (IF) output of the
mixer is sent to the oscilloscope (Yokagawa DL9040L). The
oscilloscope trigger settings were kept the same as in ODMR
spectroscopy experiments, including the time divisions of the
scope, trigger position, and high-frequency trigger noise rejec-
tion. At the precise time when the RF port and LO port have
the same frequency, the IF port output is at a zero-frequency
null and is easy to localize in time. By alternating the fixed
frequency sent to the RF port, we are able to locate the begin-
ning, middle, and end of the ODMR frequency ramp sweep to
within �100 ns (corresponding to �100 Hz in the microwave
frequency). This time-frequency calibration was found to be
linear and independent of the microwave frequency span.

3. Fluxgate-Helmholtz calibration

In order to apply magnetic fields of known amplitude and
angle, calibration between the reference frames of the fluxgate
and Helmholtz coils is needed. We chose the fluxgate axes
to define the lab reference frame and attempted to align the
Helmholtz coils along these axes. However, inevitably, there
is some alignment error. Moreover, the lab ambient field needs
to be determined in order to apply a known �Bapplied.

For this calibration, six measurements of the raw fluxgate
field vector, �Bfgraw, are made under the following applied cur-
rents. First, +0.5 A is applied to the x̂′ coil pair, then −0.5 A
is applied to the x̂′ coil pair, and the process is repeated for the
ŷ′ and ẑ′ coil pairs, respectively. A linear mapping of the form
�Bfgraw = M�I + �b is assumed, where �I represents the current
in the Helmholtz coils’ Cartesian basis, �b is the ambient field
vector, and M is a 3 × 3 transformation matrix. The nine
elements of M and three elements of �b are extracted from
the six sets of measurements of �Bfgraw and �I . This calibration
procedure is repeated prior to obtaining the data analyzed in
Figs. 2(b), 3, 4(a), 4(b), and 5 of the main text to account for
any drift in the ambient field or variations in the Helmholtz
coils alignment.

4. Fluxgate-diamond calibration and offset field

As discussed in Sec. IV of the main text, determination of
�Bnv uses independent measurements of the four NV axes (êκ )
in the lab frame as well as a persistent offset field vector ( �Boff )
between the fluxgate and diamond positions. The four NV
symmetry axes are represented in matrix form in the diamond
frame as

NVstd. =
⎛
⎝1 −1 1 −1

1 −1 −1 1
1 1 −1 −1

⎞
⎠. (C1)

When the field is aligned with the NV axis, the secular Zee-
man term in the ODMR transition frequencies [Eq. (2) of the
main text] is maximal, γnv| �Bnv · êκ | = γnv| �Bnv|. Meanwhile the
transitions frequencies of the other three NV axes overlap,
with secular Zeeman term γnv| �Bnv · êκ | = γnv| �Bnv|/3, owing
to the 109.5◦ angle between �Bnv and êκ . This characteristic
ODMR signature can be found through manual tuning or
sweeping the field angle, enabling an initial estimate of the
êκ axes. Once two of the NV axes are found, the remaining
two axes can, in principle, be inferred from symmetry.

When we first performed this process, we found that the
resulting estimates for the NV axes coordinates were not
exactly 109.5◦ apart. Instead, the proper C3v symmetry was
restored only if it was assumed that there was a static offset
field, �Boff , between the fluxgate and diamond positions.

To study this in more detail, we vary the magnitude of
the applied field and determine the vector components of the
offset field. For a given applied field magnitude, the magnetic
field is applied along six field directions: ±x̂, ±ŷ, and ±ẑ.
In each case, the applied field vector is measured using the
raw, uncorrected fluxgate field, �Bfgraw = �Bfg − �Boff . Thus, a
nonzero �Boff means the applied field vector in the diamond
position ( �Bfg) is not exactly of constant magnitude for all six
measurements. For each applied field, an ODMR spectrum is
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FIG. 13. Offset field vs applied field magnitude. For applied
field magnitudes between 50 and 150 µT, the field is applied along
±x̂, ±ŷ, and ±ẑ. For each such pair, the offset field component is
determined as described in the text.

acquired and fit to determine the field magnitude within the di-
amond, | �Bnv|. The offset field components are then estimated
as

Boff,i ≈ B+
fgraw,i B−

nv,i − B−
fgraw,i B+

nv,i

B+
nv,i − B−

nv,i

, (C2)

where B±
nv,i is the field magnitude within the diamond for

an applied field along ±î and B±
fgraw,i are the corresponding

fluxgate raw values. As shown in Fig. 13, the estimated Boff,i

components are largely independent of applied field ampli-
tude. This indicates that the source of �Boff is a static gradient,
as opposed to the result of some magnetizable object in the
apparatus.

The constant nature of �Boff is further confirmed by experi-
ments where we hold the applied field magnitude constant and
vary the field angle, as was done for Fig. 3 of the main text.
For these data, we conduct a more complete analysis, using
the matrix formalism for E , to determine the components
of �Boff . Moreover, now there are 648 different axes where
antiparallel fields are applied. Figure 14 shows the inferred
components of �Boff at each applied field axis in the sweep.

FIG. 14. Offset field vs applied field angles. The applied field of
50 µT is applied for 1296 field angles, corresponding to positive and
negative complements along 648 axes. The offset field components
are computed for each axis (denoted as “sweep index, i”) and are
found to be relatively constant.

The estimated offset field is largely independent of angle. The
results of this analysis are that the offset field is consistent
with �Boff = [1.20, 0.42,−0.57] µT. This is also consistent
with the residual �Bfgraw observed when tuning the NV ODMR
spectrum to �Bnv = 0 (Fig. 12).

With the fluxgate offset calibrated, we then found the
precise positions of the NV axes in the lab frame by fitting
for their coordinates. Specifically, using the dataset in Fig. 3
of the main text, we selected the NV axes coordinates that
minimized the mean of the angle offset errors, �̄α, while
preserving C3v symmetry. The NV axes in the fluxgate frame
were thus determined to be

NVexpt.=
⎛
⎝0.478 0.537 −0.896 −0.119

0.693 −0.843 −0.181 0.331
−0.541 0.011 −0.406 0.936

⎞
⎠. (C3)

APPENDIX D: FITTING THE VECTOR MAGNETIC FIELD

1. Hamiltonian-constrained fits

The simplest fit to an ODMR spectrum of an ensemble of
14NV centers would have independent parameters to describe
the FWHM, amplitude, and frequency of each of the 24 peaks,
resulting in at least 72 fit parameters. However, the central
frequencies would then need to be used to find the components
of �Bnv, and in some cases this may lead to a poor match due
to fitting ambiguities. Instead, we constrain the central fre-
quencies to be an allowed set of transition frequencies given
by diagonalization of the Hamiltonian in Eq. (1) of the main
text.

In our fitting routine, the amplitude and FWHM of each of
the 24 Lorentzian peaks are independent fit parameters, but
the central frequencies are constrained by 9 parameters of the
Hamiltonian: Bnv,x, Bnv,y, Bnv,z, D = 2870.08 ± 0.04 MHz,
E = 1 MHz, A‖ = −2.17 MHz, P = −4.95 MHz, γnv =
28.03 GHz/T, and γnuc = −3.07 MHz/T. All parameters are
fixed as constants, based on known values, except E which is
independently measured (see, for example, Fig. 12), D which
is allowed to vary by ±40 kHz to account for temperature
drifts, and �Bnv. We neglect transverse nuclear Zeeman and
transverse hyperfine coupling terms, as they were found to
have negligible contribution (�1 kHz) to the transition fre-
quencies for the low fields studied here.

In our implementation, the Hamiltonian of a single NV axis
is written as

H = HS ⊗ 1 + HSI + 1 ⊗ HI ,

HS = S · D · S + S · Gs · B,

HSI = (S ⊗ 1) · A · (1 ⊗ I),

HI = I · P · I + I · Gi · B, (D1)

where I = (Ix Iy Iz ) and S = (Sx Sy Sz ) are Pauli
matrices for the spin-1 nuclear and electron spin vec-
tors, respectively and B is the magnetic field vector inside
the diamond illumination volume. The remaining vari-
ables are treated as diagonal matrices with diagonal entries
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given by

D = (E − E D), Gs = (γnv γnv γnv),

A = (0 0 A‖),

P = (0 0 P), Gi = (0 0 γnuc).

As discussed in Appendix C 4, in order to express the mag-
netic field �B as �Bnv in the lab frame, a rotation matrix is
independently determined and applied to the Zeeman terms
in Expressions (D1). Obtaining a complete set of 24 spin tran-
sition frequencies involves applying the appropriate rotation
to each of the four NV axes, diagonalizing the Hamiltonian
of each NV axis, and evaluating the results (as described later
in this section) to determine the six transition frequencies of
each NV axis.

The eigenvalues and eigenvectors of the Hamiltonian are
obtained with numpy’s eigh function, which is a relatively fast
numerical routine that assumes a Hermitian Hamiltonian. In
calculations, the eigenvectors |ξ k〉 are expressed as a vector of
the coefficients, ami,ms , of states |mS, mI〉

|ξ k〉 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

a1,1

a1,0

a1,−1

a0,1

a0,0

a0,−1

a−1,1

a−1,0

a−1,−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

The spin transition selection rules require: �ms =
±1, �mi = 0. We express the selection rules as a 9 × 9
matrix:

M =
⎛
⎝0 1 0

1 0 1
0 1 0

⎞
⎠ ⊗

⎛
⎝1 0 0

0 1 0
0 0 1

⎞
⎠.

The selection rules are then incorporated by evaluating the
transition probabilities:

Mi j = |〈ξ i|M|ξ j〉|2. (D2)

For a given eigenvector |ξ j〉, the associated second eigenvec-
tor that maximizes Mi j is defined as the “allowed” transition.
The transition frequency is defined as the difference in their
associated eigenvalues.

For efficiency, the process of identifying allowed transition
frequencies is vectorized. First, a 9x9 matrix of all possible
transition frequencies Vi j = ξ i − ξ j is created (whether they
are allowed transitions or not). The three eigenvectors associ-
ated with the ms = 0 states are identified and labeled by their
associated mi value as |ξ−1〉, |ξ 0〉, and |ξ 1〉. For the remain-
ing six eigenvectors, their allowed transition is identified by
applying Eq. (D2), with 〈ξ j | = 〈ξ {−1,0,1}|, and selecting the
ms = 0 eigenvector that maximizes the transition probability.
The corresponding transition frequencies in V are identified
as the six allowed transition frequencies.

In the fit routine, the 24 Lorentzian peak amplitudes are
normalized by a variable representing the average amplitude
of all peaks. This normalization allows us to separate the rel-
ative variation in peak amplitudes (due to, for example, the

distinct contrast of each NV axis related to ODMR polar-
ization anisotropy) from the overall amplitude (due to, for
example, changes in laser power) to ease manual fitting. The
FWHM of each peak is treated in a similar manner. With the
baseline h representing the fluorescence photodetector voltage
off resonance, this leaves a total of 53 fit variables: 24 ampli-
tudes, 24 FWHM linewidths, 3 components of �Bnv, D, and h.

2. Fit initial parameters and bounds

To get ODMR spectrum fits to converge quickly, we use
knowledge of prior ODMR spectra as well as the fluxgate
�Bfg to apply initial parameters and bounds. Specifically, when
fitting the ODMR spectra presented in Figs. 3 and 5 of the
main text, the initial parameters of the ODMR peak ampli-
tudes, linewidths, and �Bnv fit variables for the first spectrum
are drawn from previous fits under similar conditions. After
the first fit, initial parameters and bounds are adjusted based
on the fit results of the ODMR spectrum obtained at the most
similar field angle.

With this algorithm, the vast majority of fits converge, and
the fitted �Bnv components are continuous with their neighbors
(in angle space, for Fig. 3, or time, for Fig. 5). For a few per-
cent of fits in Fig. 3, there is substantial spectral overlap and
the fit either does not converge to the requested tolerance or
the resulting fit values are discontinuous with their neighbors.
In these cases, we use initial parameters that are the average
of the two nearest neighbors (in angle space) with successful
fits.

As discussed in Sec. II of the main text (see also Ap-
pendix I), D is allowed to vary within 2870.08 ± 0.04 kHz
due to its temperature dependence. The E parameter, if left as
a free fit parameter, can vary substantially with no noticeable
effect on �Bnv unless the applied field is approximately orthog-
onal to one of the NV axes. Thus, we use E = 1 MHz as a
fixed parameter. This estimate for E is based on fit results
from ODMR spectra obtained at applied field angles that
are orthogonal to one of the NV axes and at zero field (see
Fig. 12).

APPENDIX E: SOLID ANGLE WEIGHING

When extracting statistics from the angular dependence
and accuracy data in Sec. IV, and the estimation theory anal-
ysis in Sec. V, of the main text, we corrected for nonuniform
sampling. The underlying data were acquired by incrementing
θ and φ in constant increments. While convenient, this leads
to nonuniform coverage over the solid angle in field vector
space. For example, at θ = 0, π , the field angle is the same re-
gardless of φ, resulting in numerous redundant measurements.

Our correction involves weighting each measurement by
the solid angle it occupies relative to neighboring measure-
ments. For an angular sweep with angular steps dθ in the polar
angle and dφ in the azimuthal angle, the weighting function
is given by

W (θ, φ; dθ, dφ) = dφ[cos (θ − dθ/2) − cos (θ + dθ/2)],
(E1)

where θ ± dθ/2 is clipped to [0, π ] in the cosine argument.
Note that this weighting function is approximately propor-
tional to sin θ except for the edge cases when θ = 0, π .
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The weighted mean μ and standard deviation, σ , of a
parameter X sampled at polar and azimuthal angles {θi} and
{φ j} in constant increments is calculated as:

μ(X ) =
∑

i j W (θi, φ j )X (θi, φ j )∑
i j W (θi, φ j )

, (E2)

σ (X ) =
∑

i j W (θi, φ j )[X (θi, φ j ) − μ(X )]2∑
i j W (θi, φ j )

. (E3)

These formulas are applied when computing statistics of the
various metrics characterizing the angular dependence, σ (ε),
μ(�α), and σ (� �B), as well as determining the fraction of the
total solid angle free from deadzones in the estimation theory
analysis.

APPENDIX F: MODELING ENHANCEMENT

In Sec. IV of the main text, we introduce a 3 × 3 matrix
form of the enhancement, E , to account for the observed slight
anisotropicity of the flux concentrator. Specifically, the field
vector in the diamond illumination region, �Bnv, is related to
the fluxgate-recorded applied field vector, �Bfg, by

�Bnv = E ( �Bfgraw + �Boff ) = E �Bfg, (F1)

where �Bfgraw is the raw fluxgate magnetometer reading and
�Boff is the persistent offset field vector between fluxgate
and diamond positions (Appendix C 4). This simple model
for the enhancement is supported by finite-element mag-
netostatic simulations, where Eq. (F1) accurately describes
the behavior of ferrite cones with angle and displacement
errors.

When the enhancement matrix is precalibrated, the result-
ing field estimation is E−1 �Bfg, which results in a more accurate
field estimation compared to the assumption of a scalar (per-
fectly isotropic) enhancement factor. We use three different
methods to estimate E . The simplest method assumes that �Boff

has been independently measured and requires acquisition of
just three ODMR spectra at different applied field vectors. In
this case, application of Eq. (F1) results in nine equations (one
for each field component of each measurement), with nine un-
knowns (the different elements of E), allowing for estimation
of the full E matrix.

By adding a fourth ODMR spectrum acquired at a dif-
ferent applied field, the components of �Boff can be uniquely
estimated, as application of Eq. (F1) results results in 12
equations and 12 unknowns. In practice, we instead apply six
measurements to allow for a slightly more precise estimate. In
this case, the components of E and �Boff can be estimated by
minimizing the residuals function:

∑6
i=1 |E−1 �Bnv − ( �Bfgraw +

�Boff )|2, where i iterates through the six measurements. This
was the method used to determine statistics for the matrix-
corrected values of �̄α, σ (� �B), and σ (|� �B|/| �Bfg|) in Sec. IV
of the main text.

These rapid methods of precalibration are used to posi-
tion the adjustable cones. We turn the adjustable fine-thread
screws of each of the three cones. For each position, we apply
fields approximately along ±x̂, ±ŷ, and ±ẑ and record and fit
ODMR spectra. From these data, we compute E . Figure 15
shows the diagonal elements of E for different adjustments

20 30 40 50 60 70 80
Iteration

18.90

18.95

19.00

19.05

19.10

ε

x
y
z

FIG. 15. Tuning to isotropicity. The adjustable cones are manu-
ally translated using the fine-thread screws and the diagonal elements
of E are plotted based on a six-measurement calibration. For most
iterations, only a single cone was adjusted. When the diagonal el-
ements are equal and close to 19, the anisotropicity of the flux
concentrator is minimized and further analysis is conducted.

of the cones. We observed experimentally (and confirmed
through magnetostatic modeling) that when the diagonal el-
ements are equal and close to 19, the anisotropicity of the
flux concentrator is minimized. Another property of E that
is useful for tuning the adjustable cones is the difference in
extreme values of ε(θ, φ). To compute this difference, we
use the singular value decomposition of E obtained by the
six-measurement method.

The final method of calibration uses a set of 1296 ODMR
spectra obtained by incrementing θ and φ by 10◦, as done
for Fig. 3 of the main text. Similar to the six-measurement
calibration, the estimation of E is done by minimizing resid-
uals. For the spectra in Fig. 3 of the main text, the best-fit
enhancement matrix is

E =
⎛
⎝ 19.135 0.159 −0.013

0.127 18.985 0.187
−0.208 0.240 19.038

⎞
⎠. (F2)

Figure 16(a) shows the angular dependence of the enhance-
ment errors, �ε = εexpt − εmodel, when comparing the exper-
imentally observed enhancement factor, εexpt = | �Bnv|/| �Bfg|,
with that estimated by the enhancement matrix, εmodel =
|E �Bfg|/| �Bfg|, where Eq. (F2) is used for E . The values of
�ε are generally small for all field angles, indicating good
agreement, though some fixed patterns are present indica-
tive of model imperfections. Notably, the largest deviations
in Fig. 16(a) form a spiraling pattern at special field an-
gles. A similar, but even more stark, pattern is observed
when plotting the determinant of the ODMR fit covariance
matrix, EB, as seen in Fig. 16(b). This indicates that much
of the deviation is due to systematic errors in fitting the
ODMR spectra. It was found that these errors occur when
multiple ODMR peaks overlap. Figure 16(c) shows the an-
gles corresponding to multiple ODMR peak degeneracies
overlayed onto the data in Fig. 16(a). It is seen that the
largest deviations in model estimate occur when ODMR peaks
overlap.
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FIG. 16. Enhancement linearity. (a) Enhancement errors, �ε = εexpt − εmodel, as a function of applied field angle, (θ, φ). The weighted
standard deviation is σ (�ε) = 0.024, corresponding to a relative standard deviation σ (�ε)/ε̄ = 1.2 × 10−3. (b) The determinant of the
covariance matrix from ODMR fits, EB, as a function of (θ, φ). Discontinuities are present for similar field angles as in panel (a). (c) Illustration
of the field angles corresponding to {111} (yellow) and {100} (green) directions, along with regions with singly degenerate ODMR peaks
(gray) and doubly degenerate peaks (black), overlayed on panel (a). The doubly degenerate ODMR peak regions correlate with regions of
larger model errors and increased fit uncertainty.

APPENDIX G: CRAMÉR-RAO BOUND ANALYSIS

In Sec. V of the main text, we apply a Cramér-Rao lower
bound analysis [49] to estimate the minimum attainable un-
certainty in the magnetic field components Bx, By, Bz from
ODMR spectroscopy and quantify deadzones. When a mi-
crowave frequency f is applied, the ODMR signal, expressed
as the number of photons detected over the detection interval,
is Nf . The signal’s probability density function is denoted
p fi (Nfi | �B), where �B is the ambient field measured by the
vector magnetometer (in the main text, this variable is �Bnv).
We assume that Nf is measured for discrete, uniformly spaced
values of fi ranging from i = 1 to imax. We can then define the
log-likelihood function as

ln[L( �N | �B)] =
imax∑
i=1

ln[p fi (Nfi | �B)]. (G1)

We next define the Fisher information matrix I as

Ip,q = −E

(
∂2 ln[L( �N | �B)]

∂Bp∂Bq

)
, (G2)

where E denotes the expectation value with respect to the
applied field. Assuming that the photon count probability
density function p f is Poissonian [49], the above expression
simplifies to

Ip,q =
imax∑
i=1

1

Ffi ( �B)

∂Ffi ( �B)

∂Bp

∂Ffi ( �B)

∂Bq
, (G3)

where Ffi ( �B) is the expectation value of the signal Nfi . For the
NV vector magnetometer, the term 1/Ffi ( �B) is approximately
a constant, since the fluorescence level only varies by a few
percent over the spectrum [see Fig. 2(b)]. We note that if the
probability density function p f is instead governed by white
Gaussian noise of standard deviation s, the term 1/Ffi ( �B) in
Eq. (G3) is replaced by 1/s2 ≈ const. In either case, Eq. (G3)

simplifies to

Ip,q ∝
imax∑
i=1

∂Ffi ( �B)

∂Bp

∂Ffi ( �B)

∂Bq
. (G4)

The Cramér-Rao inequality states that the lower bound of
the variance of field component Bp is equal to the correspond-
ing diagonal matrix element of the inverse Fisher information
matrix

min[σ 2(Bp)] = [I−1]pp. (G5)

The Cramér-Rao bound for estimating parameter Bp is then
defined as the square root of the minimum variance:

CRB(Bp) =
√

[I−1]pp, (G6)

as discussed in the main text.
We use the Cramér-Rao bound analysis to compare how

the uncertainty in field-component estimation changes with
respect to the field angle. For this analysis, we do not assume
the presence of flux concentrators, we merely take the applied
field to be 1 mT, to reflect the effect of flux concentration
on Earth’s field. We evaluate the partial derivatives in Expres-
sion (G6) numerically. For a given applied field vector, �B, the
expected ODMR response function, Ffi ( �B) does not have a
simple analytical form, but it is known from the NV Hamil-
tonian and the experimentally observed ODMR line shapes.
The 24 ODMR frequencies are computed as described in
Appendix D 1, and the line shapes are taken to be Lorentzians,
with amplitudes and linewidths for each NV axis given as
the average experimental values. We then evaluate the par-
tial derivative of Ffi ( �Bp) with respect to field component Bx

numerically as

∂Ffi ( �B)

∂Bx
≈ Ffi (Bx + δBx, By, Bz ) − Ffi (Bx, By, Bz )

δBx
. (G7)

The other partial derivatives are computed in a similar man-
ner, with δBx = δBy = δBz = 50 nT. The Cramér-Rao lower
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FIG. 17. Full deadzone analysis. (a) Cramér-Rao lower bound for estimation uncertainty of Bx , calculated for | �Bnv| = 1 mT over the entire
4π solid angle. (b), (c) Same as panel (a) except for By and Bz, respectively. (d) Error ellipsoid volume, EEV, as a function of field angle.
(e) The determinant of the covariance matrix from ODMR fits of the data in Fig. 3 as a function of (θ, φ). (f) Illustration of the field angles
corresponding to {111} (yellow) and {100} (green) directions, along with regions with singly degenerate ODMR peaks (gray) and doubly
degenerate peaks (black).

bounds are then computed numerically using Eq. (G6). Our
choices of δBx,y,z produce spectral shifts that are ∼4 or-
ders of magnitude smaller than the linewidth and are thus
assumed to be sufficiently small. However, automatic differ-
entiation algorithms may be preferable for more challenging
calculations.

Figures 17(a)–17(c) show the Cramér-Rao lower bounds of
each field component as a function of field angle. All values
of CRB(Bp) are normalized to the average value observed at
field angles when all 24 ODMR peaks are well resolved. There
is a slight asymmetry in that CRB(Bx ) values are generally
slightly larger than CRB(By) values, which in turn are slightly
larger than CRB(Bz ) values. We tentatively attribute this to
our choice of microwave and optical polarizations, which may
result in larger ODMR amplitudes for NV axes with greater ẑ
projection (and smaller amplitudes for NV axes with greater
x̂ projection). More prominently, there are certain applied

field angles where the Cramér-Rao lower bound features large
peaks, indicating a loss of precision in the magnetic field
estimates. These regions coincide with field angles where
the EEV is large [Fig. 17(d)], the fit uncertainty is large
[Fig. 17(e)], and multiple ODMR peaks overlap [Fig. 17(f)].
The interpretation is that, for these field angles of ODMR
overlap, a small change in magnetic field causes very little
change in the ODMR spectrum.

For some range of applied field angles, the CRB(Bp) is
so large that the magnetometer precision has degraded to
an unacceptable degree, which we label “deadzones.” We
define the threshold for a deadzone to be angles where
CRB(Bp) is a factor of 2 larger than that of the fully
resolved case. The fractions of the full solid angle consid-
ered to be deadzones for each of the field components are
summarized in Table I. The areas are calculated by counting
the number of points [pairs of (θ, φ)] where CRB(Bp) is
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FIG. 18. Ambient temperature variation. The fitted zero-field
splitting parameter, given as �D = D − 2870 MHz, is plotted as a
function of time. The lab temperature T in Fahrenheit is also plotted
as a function of time. Note that these two datasets were not obtained
simultaneously, but rather on separate nights. Nevertheless, both �D
and T oscillate with an ∼50-min period.

above the cutoff threshold and weighting them as described in
Appendix E.

APPENDIX H: DEADZONES IN THE LITERATURE

In Sec. V of the main text, we compare the deadzone
fraction of our device to two other works: Ref. [52] that
explored the angular dependence of different modes of an
alkali-metal vapor magnetometer and Ref. [53] that analyzed
different modes of an Overhauser nuclear magnetic resonance
magnetometer. These works were selected because (1) they
reported on bias-field-free spin resonance magnetometers, and
(2) they presented enough data on the angular response that
we could estimate the deadzone fraction using our Cramér-
Rao bound metric (Appendix G). Nevertheless, we did not
use the raw data, instead extrapolating them from figures, and
we resorted to making a number of simplifying assumptions
in order to extract a deadzone fraction. Thus, our estimates
should be considered as very rough. Moreover, these works
reported on scalar, total-field magnetometers; care must be
taken to compare with the full-vector magnetometer studied
here.

For the alkali-metal vapor optical magnetometer [52], the
magnetic field is inferred from the position of a type of ODMR
peak, similar to this work. We thus make an assumption that
the noise in the magnetometer signal is dominated by photon

TABLE I. Deadzone fractions. Calculated values of CRB(Bp)
as a function of field angle, as presented in Figs. 17(a)–17(c), are
processed to determine the deadzone fraction. The deadzone fraction
is defined as the fraction of the full 4π solid angle where CRB(Bp)
is a factor of 2 larger than that of the fully resolved case.

Field component Deadzone fraction (%)

CRB(Bx ) 1.74
CRB(By ) 2.12
CRB(Bz ) 2.29

TABLE II. Deadzone estimates for two prior works. Rough
calculated deadzone fractions extracted for an alkali-metal vapor
magnetometer work [52] and Overhauser nuclear magnetic reso-
nance magnetometer [53]. The deadzone fraction is defined as the
fraction of the full 4π solid angle where the expected CRB(B) is a
factor of 2 larger than the ideal case. A number of assumptions are
made (see text), so the values should be treated as rough estimates.

Source Criterion Deadzone fraction (%)

[52]–top plot < max/4 1
[52]–bottom plot < max/4 35
[53]–Eq. (2) < max/2 50
[53]–Eq. (3) < max/2 40
[53]–experimental data < max/2 10

shot noise. However, unlike in our case, the off-resonance
optical signal is much smaller than the on-resonance sig-
nal, so an assumption of the noise being independent of
amplitude would be inappropriate. Instead, we assume the
noise variance scales linearly with ODMR peak amplitude
such that CRB(B) increases by a factor of two when the
amplitude falls by a factor of four. Table II shows the resulting
rough estimates of the deadzone fraction for the two differ-
ent modalities studied in that work. We estimate a deadzone
fraction ranging from 1% to 35%, depending on the mode of
operation.

For the Overhauser nuclear magnetic resonance magne-
tometer [53], we assume that the noise is dominated by white
Johnson noise. In this case, the noise is independent of ampli-
tude, and CRB(B) is assumed to increase linearly with signal
amplitude. Table II shows the resulting rough estimates of the
deadzone fraction for the two different modalities studied in
that work as well as a theoretical expression. We estimate a
deadzone fraction ranging from 10% to 50%, depending on
the mode of operation.

APPENDIX I: AMBIENT TEMPERATURE VARIATION

As discussed in Sec. VI, and shown in Fig. 5(e), the fitted
value of the zero-field splitting parameter, D, was found to
oscillate in a periodic fashion over time. The variation is
attributed to fluctuation in the lab ambient temperature. To
verify this, we recorded ODMR spectra overnight and fit them
to observe the time dependence of D. On a separate night, we
recorded the lab temperature as a function of time. Both time
traces are shown in Fig. 18. The traces are found to oscillate
with a period of ∼50 min. The regular oscillation is likely
related to the temperature feedback control of the room.

APPENDIX J: MAGNETOSTATIC MODELING
OF FLUX-CONCENTRATOR ANISOTROPY

The slight anisotropy of our flux concentrator, as recorded
in Fig. 3 of the main text, indicates some deviation from the
ideal geometry. In order to gain an intuition for what sorts of
deviations could replicate the behavior, we used magnetostatic
modeling of different device geometries.

We conducted an optimization to find a device geome-
try that most closely reproduces the angular dependence of
the enhancement factor, ε(θ, φ), observed in Fig. 3(b). We
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FIG. 19. Simulating experimental anisotropy. (a) Geometry resulting from optimization to match simulated ε(θ, φ) to that of experiment.
Horizontal and vertical axes are x̂ and ẑ directions, respectively. (b) Simulated map of ε(θ, φ). (c) Experimental map of ε(θ, φ), identical to
Fig. 3(b) of the main text.

allowed the cone azimuthal and polar angles to vary, as well
as their individual positions, and the sensor position. The
optimization was performed through the scikit-optimize
Python module’s forest_minimize algorithm, which uses a
tree-based regression model. The model builds the geometry,
evaluates the simulation, and extracts parameters and aver-
age field over the spherical sensor volume through the MPh
Python wrapper. To address the large parameter space and
nontrivial optimization landscape, the best guess was itera-
tively improved, and bounds were made tighter and tighter as
the algorithm converged.

The resulting geometry is illustrated in Fig. 19(a), with
best-fit parameters listed in Table III. The simulated map of
ε(θ, φ) is shown in Fig. 19(b) and is seen to be in good
agreement with that observed experimentally [Fig. 19(c)].
The match between simulation and experiment indicates that
the experimental device can be simulated by finite-element
magnetostatic modeling. However, we expect that a number
of different geometries, including degrees of freedom not
explored in this simulation, could replicate the experimental
behavior. The geometry found in our optimization routine is
interpreted as just one possible example.

TABLE III. Simulation parameters. Best-fit geometry parameters
used in the simulation in Fig. 19.

Parameter Value(s)

Cone tip-to-tip starting gap 0.634 mm
Sensor displacement [19.37, 40.5, 0.87] μm
X-cone pair rotation −0.54◦ẑ, then 2.20◦ŷ
Y-cone pair rotation −0.69◦ẑ, then −0.56◦x̂
Z-cone pair rotation 2.05◦x̂, then 1.82◦ŷ
+X cone rotation −1.760◦ẑ, then −0.431◦ŷ
+Y cone rotation −1.373◦ẑ, then −0.942◦x̂
+Z cone rotation 0.191◦x̂, then 2.188◦ŷ
−X cone rotation −1.037◦ẑ, then 1.383◦ŷ
−Y cone rotation 0.332◦ẑ, then 1.739◦x̂
−Z cone rotation −0.652◦x̂, then 1.053◦ŷ
+x cone displacement [20.61, 18.38, −6.43] μm
−x cone displacement [46.94, 5.48, 8.67] μm
+y cone displacement [22.02, −18.98, 35.88] μm
−y cone displacement [−1.33, −21.22, 9.4] μm
+z cone displacement [−1.87, 8.35, 42.17] μm
−z cone displacement [18.44, −9.98, 53.38] μm
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