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Nitrogen-vacancy (NV) centers in nanodiamonds have emerged as a promising quantum sensing
platform for biomedical imaging applications, yet random orientations of individual particles present
significant challenges in large-scale sensor calibration. In this study, we demonstrate a novel approach to
simultaneously determine each particle’s crystallographic axes and the surrounding local vector magnetic
field. Specifically, a minimum of four distinct bias fields is required to unambiguously extract both the
orientation and the local field. We validate our method experimentally using NV centers in two scenarios:
(i) in a bulk diamond with known crystal orientation as a proof of concept and (ii) on various single
nanodiamonds to mimic real-world applications. Our work represents a crucial step toward unlocking
the full potential of nanodiamonds for advanced applications such as in situ biomedical imaging and
nanoscale sensing in complex environments.
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I. INTRODUCTION

Quantum sensing with nitrogen-vacancy (NV) centers in
diamond has enabled measurements of magnetic [1–8],
electric [9–11], chemical [12–14], and thermal signals
[15–19] at the nanoscale, with applications spanning
condensed matter physics [20–25], quantum technology
[26–28], and biomedicine [29–34]. A core strength of NV
centers lies in their ability to reveal vector magnetic field
information through optically detected magnetic resonance
(ODMR), a technique that exploits spin-dependent fluo-
rescence to track electron spin transitions [35,36].
However, extending NV-based magnetometry to bio-

logically relevant contexts presents unique challenges,
primarily due to the random orientations of NV-containing
nanodiamonds when dispersed within complex environ-
ments like cells and tissues [37–39]. Previous studies have
demonstrated the feasibility of orientation tracking [40]
in biological systems using ODMR spectra, achieving
subdegree angular resolutions [38], full tomographic
orientation reconstruction via modulated external mag-
netic fields [41], and simultaneous tracking of rotational

and translational movement [30]. Despite these advances,
the current orientation tracking approach typically relies on
the assumption that “the external magnetic fields at their
positions are well known” [42]. This interdependency—
where magnetometry requires known orientation, and
orientation determination relies on known fields—poses
considerable challenges for robust orientation sensing and
magnetometry when the local-field signals from the target
sample, such as those from ferritin [43,44], are present and
unknown.
Our approach directly addresses this challenge. We

demonstrate that a minimum of four independent ODMR
measurements, under appropriately chosen bias field
configurations, are sufficient to reconstruct both the full
local vector magnetic field and the NV orientations. This
congruence is significant: it matches the number of
measurements previously established for determining only
the NV axes when external magnetic fields are well
characterized [41], suggesting that comprehensive infor-
mation (both local field and orientation) can be efficiently
extracted with a comparable measurement overhead.
The paper is organized as follows: First, we detail the

theory and methodology underpinning our approach in
Secs. II and III, including the Hamiltonian for the NV
center and the mathematical formulation for reconstructing
orientation and field parameters from ODMR spectra
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under multiple bias fields. Second, we describe the
experimental validations (Sec. IV) and numerical simu-
lations (Sec. V) of our method. This includes proof-
of-concept experiments on a bulk-diamond crystal with
knownNVorientations, followed by experiments onvarious
single nanodiamonds where both orientation and local field
are unknown. We compare experimental findings with
corresponding numerical simulations for both scenarios.
Finally, we conduct a noise analysis, investigating the
impact of factors such as the number and strength of bias
magnetic fields and experimental noise from finite ODMR
linewidth and photon shot noise. We conclude with a
discussion of our findings and potential avenues for future
research in Sec. VI.

II. METHODOLOGIES AND FRAMEWORKS

Having outlined the paper’s structure, we now describe
the physical platform and analysis workflow in detail.
Figure 1 provides an overview: Panel (a) sketches the
wide-field ODMR microscope used in this study and, in
the inset, shows two representative single-crystal nano-
diamond particles approximately 750 nm in diameter. Each
particle hosts an ensemble of negatively charged NV
centers that function as local vector magnetometers.
Sample-preparation details are provided in Supplemental
Material [45]. The sensing element itself is governed by
the ground-state spin-1 Hamiltonian [32,47] depicted in
panel (b),

Ĥ ¼ Dgs S2z þ γe ðB⃗ · S⃗Þ; (1)

where Dgs ¼ ð2πÞ × 2.87 GHz is the zero-field splitting,

γe ¼ ð2πÞ × 28.0 MHz=mT is the gyromagnetic ratio, B⃗ is
the vector magnetic field, and S⃗ is the spin-1 operator for the
NV center. Here we assume the magnetic field is the
dominant signal and neglect the small local strain- and
electric-field-induced mixing between the jms ¼ �1i lev-
els. The resulting energy of the threeNV spin levels could be
obtained by solving the eigenvalues using the matrix form

λ½ðD−λÞ2−μ2eðBprojÞ2�− ðλ−DÞμ2e½ðBtotÞ2− ðBprojÞ2� ¼ 0;
(2)

where λ are the spin state energies, Btot is the magnitude of
the total magnetic field (including the applied bias magnetic
field and the local field from the environment that wewould
like to sense), and Bproj is the total magnetic field’s
projection on the specific NV axis.
The ODMR spectrum measures the two microwave

transitions from jms ¼ 0i to the jms ¼ �1i levels, and
the splitting between the two resonances can be calculated
as ðλþ1 − λ−1Þ by fitting the spectrum using a Monte Carlo
multistart fitting procedure (see Supplemental Material
[45]). For a single-crystal nanodiamond containing an

ensemble of NV centers, the NV axes can align along
four crystallographic directions [Fig. 1(c)]. The resulting
ODMR spectrum typically exhibits four pairs of resonan-
ces with splittings that are, to leading order, proportional to
the magnetic field projection, Bproj, onto each NV axis
[Fig. 1(b)]. We label the four NVaxis as n̂1, n̂2, n̂3, and n̂4
(see Eq. (S3) in Supplemental Material [45]).
We also note that the total magnetic field can be further

decomposed into B⃗ tot ¼ B⃗ bias þ B⃗ loc, where B⃗ bias denotes
the bias magnetic field we applied externally and B⃗ loc

being the local magnetic field in the environment that we
want to sense. Thus, the magnetic fields in the laboratory
frame (labeled by coordinate {x̂, ŷ, ẑ}) can be projected to
the NV frame by

n̂j · ðB⃗ bias þ B⃗ locÞ ¼ Bproj
j ; (3)

where j ¼ 1; 2; 3; 4 represents the unit vectors of the four
possible NV symmetry axes.

(a) (c)

(b)
(d)

FIG. 1. Introduction to NV centers in nanodiamonds. (a) Sche-
matic of an experimental setup for imaging NV centers in
diamond crystals. The lab frame coordinate axes x, y, and z
are indicated in blue. The inset shows an optical fluorescence
image of two single-crystal nanodiamond particles approxi-
mately 750 nm in diameter. When excited by a 532-nm laser,
the NV centers emit red fluorescence comprising a zero-phonon
line at 637 nm and a broad phonon sideband extending to
approximately 800 nm. (b) Energy-level structure of the NV
center ground state under an external magnetic field. The
Zeeman splitting between ms ¼ �1 states is proportional (to
first order) to B⃗ · n̂, where n̂ is the NVaxis direction and B⃗ is the
magnetic field at the diamond. (c) Atomic models of the four
possible NV center orientations (NV1 → NV4) within the dia-
mond lattice, each corresponding to a different crystallographic
direction and colored uniquely (red, blue, green, and orange,
respectively). (d) A typical optically detected magnetic reso-
nance (ODMR) spectrum from a single nanodiamond showing
characteristic resonance peaks corresponding to the four NV
orientations, with the splitting magnitude proportional (to first
order) to the projection of the magnetic field along each NVaxis.
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We will apply a series of bias magnetic fields and
measure the corresponding ODMR splittings for all NV
groups [Fig. 1(d)]. By choosing the non-coplanar bias fields
like we described in Sec. III, plugging Eq. (3) into Eq. (2)
and solving these simultaneously, we can obtain the
corresponding local magnetic field and nanodiamond
crystallographic orientation in the lab frame. Considering
it is a set of nonlinear equations with multiple unknowns,
instead of solving the equations directly, we change that
into an optimization problem and opt to use MATLAB

Multistart [48].

III. MINIMUM NUMBER OF BIAS
MAGNETIC FIELDS

A crucial aspect of our method is determining the
minimum number of B⃗ bias required to extract both NV
orientation and the local field, B⃗ loc. Given that each NV
center has a unique orientation in the nanodiamond, B⃗ loc

can only be reconstructed when sufficient constraints are
imposed by B⃗ bias, as analyzed below.
Single bias field: Our framework starts by setting the

unknown local field B⃗ loc as a fixed vector originating
at the coordinate (0, 0, 0) in the lab frame [Fig. 2(a)]. When
a single bias magnetic field Bbias

1 is applied, the only
directly obtainable quantity is the magnitude of the total
field jB⃗ tot

1 j (see Supplementary Material [45]), while
orientation remains undetermined. Specifically, the B⃗ tot

1 ¼
B⃗ bias

1 þ B⃗ loc can reside anywhere on a sphere with center
at (−Bbias

x , −Bbias
y , −Bbias

z ) and radius as the magnitude of

B⃗ tot
1 , thus leaving the determination of B⃗ loc impossible.
Two bias fields: By applying a second B⃗ bias

2 which is not
parallel to the first bias field, we impose a second

constraint:

jB⃗ bias
1 þ B⃗ locj ¼ jB⃗ total

1 j
jB⃗ bias

2 þ B⃗ locj ¼ jB⃗ total
2 j

(4)

Geometrically, this restricts the set of possible B⃗ loc to a
ring-shaped intersection of the two spheres, as depicted in
Fig. 2(b). While this additional constraint reduces the
number of possible solutions, it is still not sufficient to
uniquely determine B⃗ loc.
Three bias fields: Introducing a third B⃗ bias

3 that is not in
the same plane as the prior two bias fields, we can further
restrict the possible B⃗ loc to two points, as illustrated in
Fig. 2(c). This occurs because the intersection of three
spheres generally results in two solutions that are symmetric
about the plane formed by the centers of three spheres.
Four bias fields: To resolve this twofold degeneracy, we

apply a fourth non-coplanar B⃗ bias
4 (i.e., the centers of the

four spheres do not lie in the same plane), as shown in
Fig. 2(d). Interestingly, four bias fields is also the mini-
mum number needed to determine solely the nanodiamond
axes in the absence of the unknown B⃗ loc [41]. As a result,
four bias fields are sufficient to simultaneously determine
B⃗ loc and nanodiamond orientation.
Subsequent numerical simulations and experimental

validation confirm this necessity: with three bias fields,
there remains a symmetry-induced ambiguity, while four
bias fields consistently produce unique solutions for
determining local magnetic fields.

IV. EXPERIMENTAL VALIDATION

Two experimental configurations are used here:

FIG. 2. Illustration of the process for determining the local magnetic field and NV center orientation using multiple bias magnetic
fields. (a) When a single bias field Bbias

1 is applied, the possible solutions of Bloc form a sphere (resembled by the two red arrows),
making the local field undetermined. (b) With a second nonparallel bias field Bbias

2 , the solution space reduces to a ring (red dashed
curve) at the intersection of two spheres. However, the local field is still ambiguous. (c) A third bias field Bbias

3 further constrains the
possible solutions to two mirror-symmetric points, as shown by the solid and dashed red arrows pointing upward and downward
correspondingly. This symmetry introduces a degeneracy that prevents a unique determination of the local field. (d) In the case of four
bias fields, this degeneracy is resolved.
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(i) A bulk diamond with known crystal orientation: the
NV axes are well characterized, allowing us to
validate the accuracy of our method in a controlled
environment.

(ii) Single nanodiamond: mimicking real-world appli-
cations, where the NV axes are random and un-
known. The method is tested for robustness in
reconstructing these parameters.

We first perform measurements on a [100]-cut plate
diamond, with the four NV-axis orientations known
a priori and given by

n̂1 ¼ ½þ
ffiffiffi
2

p
; 0;þ1�=

ffiffiffi
3

p
;

n̂2 ¼ ½0;þ
ffiffiffi
2

p
;−1�= ffiffiffi

3
p

;

n̂3 ¼ ½− ffiffiffi
2

p
; 0;þ1�=

ffiffiffi
3

p
;

n̂4 ¼ ½0;− ffiffiffi
2

p
;−1�= ffiffiffi

3
p

: (5)

We apply 24 different bias fields, B⃗ bias, each with a
magnitude of approximately 1 mTusing three-dimensional
electromagnetic coils. Care was taken to ensure the applied
bias fields were not coplanar to avoid degeneracies in the
reconstruction.
As a calibration, we tested whether our method could

accurately reconstruct these known axes and determine
B⃗ loc from the measured ODMR spectra. To quantify the
stability of our reconstruction from different subsets of
B⃗ bias, we define two metrics:

(i) The standard deviation of the predicted B⃗ loc:

δBloc
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðBloc
j − B̄loc

j Þ2
N

s
; (6)

where the summation is over a total of N
reconstruction runs (each using a different subset
of bias fields), j ¼ x; y; z.

(ii) The standard deviation of the predicted axes ori-
entations represented by the great circle distance,
dgc:

dgc ¼
1

N

X
ðθ;ϕÞ

cos−1½cosðθÞ cosðθ̄Þ cosðϕ − ϕ̄Þ

þ sinðθÞ sinðθ̄Þ�; (7)

Here ðθ;ϕÞ are the spherical coordinates representing a
specific axis of NV (e.g., the first principal axis) deter-
mined in each run of reconstruction, and ðθ̄; ϕ̄Þ are the
mean spherical coordinates for that axis over the N runs.
For a proof-of-concept test, we choose N ¼ 50 subsets

of four randomly chosen bias field data and obtain the
averaged NV-axis orientations to be (Fig. 3)

n̂exp1 ¼ n̂1 − 0.0061 x̂ − 0.0051 ŷþ 0.0085 ẑ

n̂exp2 ¼ n̂2 þ 0.0013 x̂þ 0.0095 ŷþ 0.0137 ẑ

n̂exp3 ¼ n̂3 − 0.0061 x̂ − 0.0142 ŷ − 0.0088 ẑ

n̂exp4 ¼ n̂4 þ 0.0108 x̂þ 0.0098 ŷ − 0.0135 ẑ (8)

The reconstructed axes agree well with the known bulk-
diamond crystal orientation [Eq. (5)], with a mean angular
deviation of dgc < 0.5°.
Simultaneously, we obtain the local field

B⃗ loc ¼ ½−2.5;−14.9;−53.2� � ½1.0; 1.1; 1.4� μT:

The uncertainties represent the standard deviation (δB)
across multiple reconstruction runs. B⃗ loc closely matches
the geomagnetic field in the U.S. Midwest [49], high-
lighting the precision of our method.
We next extend our protocol to NV centers embedded in

individual nanodiamonds, a more demanding setting
where the crystal orientation is unknown a priori. In
nanodiamonds, the ODMR resonances are substantially

(a) (b)

(c) (d)

FIG. 3. Reconstructed local magnetic field (a),(b) and axes
reconstruction (c),(d) using our method. Each column represents
a different scenario: bulk-diamond experiment (a),(c) and nano-
diamond experiment (b),(d). For each calculation shown, ten bias
fields were randomly selected from the nanodiamond dataset and
four from the bulk-diamond dataset. (a),(b) Reconstructed B⃗ loc

values (red dots) are plotted with their projections on the yz, xz,
and xy planes; the mean is marked by a blue dot. (c),(d) Re-
constructed NV-axis orientations (solid lines) are compared with
the ground truth for the bulk diamond or with the mean
orientation for the nanodiamond. The inset cubes magnify the
distributions within a 0.02 × 0.02 × 0.02 region around one
predicted axis. Panels (a),(c) show sub-2 μT bulk-diamond field
consistency and high-axis fidelity, whereas panels (b),(d) show
approximately 50 μT nanodiamond field consistency and ap-
proximately 1° axis consistency.
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broadened (full width half maximum, FWHM ∼ 10 MHz)
compared to bulk diamond (FWHM ∼ 0.6 MHz), resulting
in elevated noise floors and increased uncertainty in
parameter extraction. To mitigate this, we apply 34 differ-
ent bias magnetic fields with magnitudes of approximately
5–10 mT to better separate the eight resonances.
Reconstruction is then performed by randomly selecting
subsets of these fields.
Using four bias fields per run, the consistency in axes

prediction remains high, with dgc typically around 1°.
However, the prediction for the local field B⃗loc exhibits
significantly greater variation than in bulk diamond due to
the broader ODMR linewidth. To improve the field
accuracy, we increase the number of bias fields per run.
Figure 3(b) shows the average reconstructed B⃗ loc using ten
randomly selected bias field dataset, yielding B⃗ loc ¼
½−7;−33;−7� � ½36; 11; 24� μT and a standard deviation
δB of approximately 50 μT. This reduced precision
arises primarily from the differing noise characteristics
in bulk and nanodiamond ODMR spectra. Notably, our
bulk diamond is isotopically purified to 13C concentrations
below 10−4 to suppress nuclear spin noise [50], while P1
centers and other paramagnetic defects provide additional
plausible spin-bath contributions [51–53]. Moreover, the
lower surface-to-volume ratio of bulk diamond reduces
surface-spin and related defect-spin contributions relative
to nanodiamonds [54,55]. As an additional cross-particle

consistency check, we analyzed two different nanodia-
monds on the same substrate and obtained local-field
estimates that are consistent within experimental uncer-
tainty (see Sec. Consistency Checks and corresponding
supplementary figures in Supplemental Material [45]).

V. NUMERICAL ANALYSIS AND DISCUSSION

Finally, we perform simulations to quantify how exper-
imental noise, strengths of bias fields, and the number of
bias fields in one run affect the reconstruction accuracy.
Starting from the bulk-diamond local field of around
B⃗ loc ¼ 50 μT pointing to −z direction, we synthetically
generate eight-peak ODMR spectra and add Gaussian
noise with amplitudes between 0.1 and 0.5 MHz. Each
noisy spectrum is fitted to locate the resonance frequen-
cies, which are then passed to our reconstruction algo-
rithm. For every noise level, we repeat the procedure with
4–10 bias-field configurations randomly selected from the
24 used in the bulk-diamond experiment. We perform an
analogous analysis for nanodiamonds. Here the Gaussian
noise amplitude is varied from 1 to 5 MHz, and 4–20 bias-
field subsets are drawn from the 34 fields available in the
experiment for each run.
The simulations uncover two clear trends (Fig. 4). First,

the prediction errors, including both the local-field
deviation, δB, and the angular deviation, dgc, grow
approximately linearly with the injected noise amplitude,

(a) (b) (c)

(d) (e) (f)

FIG. 4. Impact of noise, number of bias fields, and bias-field magnitude on reconstruction. The predictions for local fields are marked
in red, axes in blue, and their corresponding experimental results in green and orange. (a),(b) Local-field deviation δB as a function of
noise level and number of bias fields for the nanodiamond and bulk-diamond simulations, respectively. (d),(e) Axis misalignment dgc
for the corresponding nanodiamond and bulk-diamond simulations. (c),(f) Local-field deviation and axis misalignment, respectively, as
functions of noise level and the overall bias-field scaling factor.
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in agreement with standard error-propagation expecta-
tions. Second, adding more bias fields per reconstruction
run improves accuracy, but the benefit saturates at around
ten fields in the nanodiamond case. Simulations using
bulk-diamond parameters exhibit the same qualitative
behavior, but with uniformly smaller deviations owing
to their lower noise level and thus higher signal-to-noise
ratio in the ODMR spectra.
We also evaluate how bias-field strength influences

reconstruction accuracy. Specifically, we carry out simu-
lations in which all bias magnitudes are uniformly scaled
by factors of 2–10 (denoted “Bias-Scaling Factor” in
panels (c) and (f) of Fig. 4). Increasing the field strength
noticeably enhances axis determination, yet yields only
marginal improvement in the local-field error. This behav-
ior can be intuitively understood using the geometrical
picture in Fig. 2. Axis orientation is inferred indirectly
from the relative directions of B⃗ bias; with a fixed noise
floor, scaling the bias magnitudes reduces the angular
uncertainty and thus yields a reduced uncertainty in the
axis estimate. By contrast, the local field B⃗ loc is extracted
from the intersection point of the total field vectors. Once
the bias field is already much larger than B⃗ loc, further
scaling hardly changes the absolute positional error, as it is
set by the same noise floor.

VI. CONCLUSIONS AND OUTLOOKS

We have developed and experimentally validated a
framework for simultaneously determining the NV center
orientation and the local vector magnetic field. Our results
show that at least four non-coplanar bias fields are
required, consistent with previous orientation-only meth-
ods but enabling vector field reconstruction. The primary
performance bottleneck of our protocol arises from the
intrinsic noise inside nanodiamond sensors: 13C nuclear
spin bath, strain variations, and structural inhomogeneities.
Addressing these noise sources is critical to improving the
accuracy and reliability of our method under real-world
conditions; approaches outlined in Refs. [5,56–62] offer
viable solutions. In this experiment, we focus on the
quasistatic regime, in which the nanodiamond orientation
and local field are approximately constant over the spectra
used for one reconstruction. Although the local field may
depend on the applied bias field, even for ferritin-like
moments, a low-field estimate suggests that bias-induced
alignment is small under the present room-temperature,
millitesla-field conditions [43,63]; systematically quanti-
fying this dependence for other magnetic species and
operating conditions is left for future work. Ultimately, we
anticipate a robust, simultaneous readout of nanodiamond
orientation and local magnetic fields will enable new
classes of experiments, from tracking ferritin-related
magnetic signatures in living systems [43,44] to diagnos-
ing nanoscale magnetism in quantum materials.
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