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Vector magnetometry is an essential tool in characterizing the distribution of currents and magnetization in a broad
range of systems. Point defect sensors, like the nitrogen vacancy (NV) center in diamond, have demonstrated impres-
sive sensitivity and spatial resolution for detecting these fields. Measuring the vector field at a single point in space
using single defects, however, remains an outstanding challenge. We demonstrate that careful optimization of the static
bias field can enable simultaneous measurement of multiple magnetic field components with enhanced sensitivity by
leveraging the nonlinear Zeeman shift from transverse magnetic fields. This work quantifies the trade-off between the
increased frequency shift from second-order Zeeman effects with decreasing contrast as off-axis field components in-
crease, demonstrating the measurement of multiple components of the magnetic field from an exemplar antiferromagnet
with a complex magnetic texture.

The ability to detect and image magnetic fields is of
great significance in a broad range of technologies and
applications, enabling new approaches to characterizing
microelectronics1,2 and providing new insight into novel ma-
terial systems3–5. In particular, the ability to resolve the vector
nature of magnetic fields at the nanoscale is a powerful capa-
bility, allowing, for example, different topological features in
magnetic materials to be distinguished6,7 and electron flow to
be quantitatively imaged2,8.

Optically-addressable spin qubits, such as the nitrogen
vacancy (NV) center in diamond9, are able to realize this
sought-after vector magnetometry capability with outstand-
ing sensitivity and spatial resolution. NV center ensembles
have been used to demonstrate vector magnetometry with
sensitivities down to < 9 pT/

√
Hz10 and diffraction-limited

spatial resolution, while single NV centers have been used
to probe nanoscale volumes in either static or scanning-tip
modalities3,5. Nanoscale vector magnetometry is, however,
far from a solved problem. Typically, one of two approaches
is taken; one approach utilizes an ensemble of NV centers,
providing excellent sensitivity but ultimately limiting reso-
lution to the diffraction limit of the optical system. Alter-
natively, spatial images of the magnetic field obtained with
a scanning tip system can be used to reconstruct the vector
field, albeit at the cost of of substantially increased acquisition
time and ambiguities in the reconstruction method11. Alterna-
tive approaches utilizing the nitrogen nuclear spin have been
demonstrated, though these methods come with additional ex-
perimental complexity12,13. Characterizing the vector compo-
nents of weak magnetic fields at a single defect remains an
outstanding challenge.

Here, we demonstrate and analyze a straightforward ex-
perimental approach which enables simultaneous detection of
multiple magnetic field components with single NV centers in
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FIG. 1. (a) Schematic of the NV center, illustrating the convention
used to label the magnetic field directions. (b) Optically-detected
magnetic resonance (ODMR) of a single NV center as a function of
applied magnetic field. The field is applied at an angle of ≈ 87◦ with
respect to the zero-field quantization axis. (c) Experimentally deter-
mined frequency shift of the higher energy transition as a function
of external field (dots). Overlaid is the scaling expected from the
perturbation theory description in Eq. 3. Colored lines highlight the
increase in slope as a function of magnetic field. (d) ODMR spectra
for two different magnetic fields (dashed lines in (b)) demonstrating
the decrease in contrast as transverse field increases.

a continuous-wave (CW) modality, and demonstrate the detec-
tion of fields down to the 10µT level in an antiferromagnetic
sample. Exploiting the nonlinear response of the NV center
Hamiltonian to fields transverse to the zero-field quantization
axis, we engineer over an order-of-magnitude improvement
in sensitivity to small transverse fields with minimal degrada-
tion of the NV center’s exceptional sensitivity. Our approach
enables both the parallel and transverse magnetic fields to be
detected in a single measurement.

NV centers are representative of a broad class of point de-
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fects where the energy levels and dynamics of the spin states
can be detected through changes in the optical properties9,14.
Specifically, in the case of NV centers, room-temperature op-
tically detected magnetic resonance (ODMR) can be realized
by monitoring the change in photoluminescence in response
to microwave driving fields. This allows the resonant fre-
quencies of the spin transitions to be determined. The NV
center has a ground state with S = 1 and a zero-field splitting
(ZFS) of D = 2π × 2870MHz, which defines a natural quan-
tization axis at low magnetic fields. Two spin transitions are
observed, corresponding to transitions from the ms = 0 state to
states with ms = ±1 character. Neglecting hyperfine effects,
the Hamiltonian for this system can be written as:

H
h̄
= DS2

z + γe(BxSx +BySy +BzSz), (1)

where γe = 2π × 28GHz/T is the gyromagnetic ratio, Bi is
the ith component of the magnetic field, and Si is the ith spin
operator (i = x,y,z) in the NV center reference frame. We
note that Hamiltonians of this form are ubiquitous in defect-
based quantum sensors, meaning our approach can be broadly
applied to a wide range of defect systems.

The NV center is typically used to sense the magnetic field
component along the z direction (aligned with the ZFS axis,
which we label B∥ here) since this Zeeman term commutes
with the zero-field Hamiltonian. This gives rise to frequency
shifts while avoiding the mixing of eigenstates which leads
to ODMR contrast reduction. The linear Zeeman shift of the
transition energies is:

ω± = D± γeB∥ (2)

Additionally, however, magnetic fields transverse to the
ZFS axis can give rise to frequency shifts. For moderate
(< 10mT ) fields, these are much smaller than the linear shift
and typically neglected. A perturbation theory treatment for
the transition frequency shift resulting from these fields yields
(to second order):

ω± = D± γeB∥+
γ2

e B2
⊥

D± γeB∥
+

1
2

γ2
e B2

⊥
D∓ γeB∥

(3)

Thus, the effect of the transverse field is on the order of
≈ 3

2
γ2

e B2
⊥

D
15, and shifts both transitions to higher energy. This,

in principle, allows both B∥ and B⊥ to be determined from a
single ODMR spectrum. In practice, however, the large value
of the ZFS for the NV center has the effect of suppressing fre-
quency shifts from small transverse fields. A field of 100µT in
the parallel direction results in a frequency shift of 2.8MHz,
while the frequency shift for a transverse field of the same
magnitude is only ≈ 4kHz. Figure 1 shows ODMR data for
a single NV center in response to magnetic field applied at an
angle of θ ≈ 87◦ with respect to the ZFS axis. These data
demonstrate both the nonlinear frequency shift from the off-
axis fields and the decrease in ODMR contrast at higher fields
resulting from the mixing of eigenstates. Thus, directly mea-
suring both field components has been restricted to a limited
number of systems where the magnetic field is large7, but not

FIG. 2. Simulated sensitivities as a function of transverse bias
field and optical excitation rate for (a) sensing parallel fields, η∥, (b)
sensing transverse fields, η⊥, (c) jointly-optimized sensing,

√
η∥η⊥.

Countour lines are equally spaced on a logarithmic scale. Linecuts
along the optimum sensitivity plot are shown in (d).

too large15. We demonstrate here, however, that careful en-
gineering of the static magnetic field used to split the ms ± 1
transitions (the “bias” field) allows us to leverage the nonlin-
ear shift from the transverse magnetic fields, extendable to
other optically-addressable spin qubit systems.

Aiming to sense the component of some small target field
transverse to the ZFS axis (B(t)

⊥ ), we introduce a moderate (<

10mT ) bias field in the transverse direction (B(b)
⊥ ). The B2

⊥
dependence in Eq 3 can then be written as:

B2
⊥ = B(b)

⊥
2
+2B(b)

⊥ B(t)
⊥ +B(t)

⊥
2
. (4)

For small target fields, we can neglect the B(t)
⊥

2
term, leav-

ing a linear dependence on the target field with no ambiguity
about the sign of the field, and a prefactor which depends on
the magnitude of the static bias field, 2B(b)

⊥ B(t)
⊥ . We draw an

analogy between optical heterodyne detection - where a ref-
erence optical field is used to mitigate the phase-insensitivity
and nonlinear response of square-law optical detectors - with
this approach of optimizing the transverse bias field. By utiliz-
ing static bias fields with significant transverse components,
we can improve the sensitivity of our NV center to small
transverse target fields. Importantly, using the two peaks in
the ODMR spectrum enables both the parallel and transverse
components of the magnetic field to be measured simultane-
ously.

Arbitrarily increasing the transverse bias field, however,
does not yield optimal sensitivity; both the steady-state photo-
luminescence and the ODMR contrast decrease under moder-
ate transverse bias fields, with the contrast dropping to almost
zero in fields of > 20mT 15,16. To estimate the optimal sensi-
tivity and operation conditions of the NV center, we numeri-
cally simulate the contrast and photoluminescence as a func-
tion of transverse magnetic field and optical excitation rate
(i.e. laser power) by finding the steady-state behavior of the
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D / rad s−1 γr / MHz γISC,0 / MHz
2π ×2870 65 11

γISC,±1 / MHz γSS / MHz Ω / rad s−1

80 3 1

TABLE I. Parameters used for the numerical simulations described
in the text. γr is the radiative rate, γISC,m is the rate of intersystem
crossing to the shelving state from the excited state with spin projec-
tion number m, γSS is the relaxation from the shelving state, and Ω is
the Rabi frequency of the microwave drive.

density matrix, ρ . We numerically solve the Lindblad equa-
tion using QuTiP17,18:

dρ(t)
dt

=− i
h̄
[H,ρ]− 1

2

m

∑
k=0

(L†
kLkρ +ρL†

kLk)+
m

∑
k=0

LkρL†
k ,

(5)
where the Kraus operators (Lk) are of the form described by
Stefan et al4. We use the photophysical rates from Tetienne
et al16 for the simulations, and model laser- and microwave-
power dependent broadening of the spin transition using the
expressions from Dreau et al19. We then estimate the change
in photoluminescence from changes in the steady state popu-
lation of the excited states of the NV center. Parameters used
in the simulations are given in Table I.

From these simulations, we calculate the sensitivity of
the NV center to both parallel (η∥) and transverse fields
(η⊥) using η = δB

√
T 20. In CW ODMR experiments, the

sensitivity19 is:

η∥ = PF
∆ν

C
√

R
1
γe
, (6)

where ∆ν is the peak full-width at half-maximum, C is the
ODMR peak contrast, R is the photon detection rate, and PF
is a prefactor related to the lineshape ( 4

3
√

3
for a Lorentzian

peak). For the transverse component, we can use Equation 3
to determine an analogous expression in the limit of small B(t)

⊥
and fixed B(b)

⊥ :

η⊥ = PF
∆ν

C
√

R
2D

3γ2
e B(b)

⊥

. (7)

Note, the contrast is a function of the transverse field, decreas-
ing as the magnitude of the field increases.

The calculated sensitivities as a function of both laser power
(excitation rate) and transverse bias field are shown in Figure
2. The sensitivity of the NV center to transverse field compo-
nents can be improved with larger static bias fields, up to the
point where the decrease in contrast begins to degrade sensi-
tivity (≈ 10mT ). The sensitivity to magnetic fields parallel
to the ZFS axis, however, is only degraded by the application
of the transverse bias field because of the decreasing ODMR
contrast. To simultaneously sense both components, we define
a joint sensitivity η joint =

√
η∥η⊥, shown in Figure 2c. This

defines an optimum range of bias fields to sense both parallel
and transverse field components; we identify bias fields in the

FIG. 3. (a) Schematic of the scanning tip geometry and magnetic
fields. Permanent magnets are used to apply a large bias field in the
x− z plane generating a primarily transverse bias field component,
Bbias = (0.9mT,4mT ). (b) Linecuts along the highlighted green re-
gion (panel (c) ) of the parallel and transverse components of the
fields from the BiFeO3 sample with the static field subtracted. 2D
spatial maps of the (c) magnetic field parallel to the NV ZFS axis,
and (d) transverse to the NV ZFS axis.

range of 5mT as optimal, noting that the joint sensitivity is
rather slowly varying in the region around this point.

Using experimental parameters from our scanning NV in-
strument (Qnami Quantilever MX+, R = 4× 105 counts-per-
second, ∆ν = 10MHz, C = 0.15), we can estimate a sensitiv-
ity to small transverse fields of η⊥ ≈ 40 µT/

√
Hz for a 5mT

bias. For comparison, with a weak bias field of B(b)
⊥ = 0.1mT ,

the sensitivity is instead of the order η⊥ ≈ 4000 µT/
√

Hz.
Demonstrating the improved transverse sensitivity using

our bias field optimization, we image the vector components
of the spin cycloid structure in BiFeO3, a canted antiferromag-
net with a spatially-varying magnetization that yields periodic
stray fields of λ ≈ 65nm21. The combination of fine spatial
features with well-characterized, small magnitude magnetic
fields (≈ 100µT ) makes this an exacting test of the capabili-
ties and limitations of our combined parallel-transverse sens-
ing approach.

Figure 3 shows data collected on a 100 nm, (001) oriented
thin film of BiFeO3 deposited on a (110)-oriented DyScO3
substrate (sample details are given fully in Reference22) taken
with a scanning-tip NV microscope (Qnami ProteusQ). We
apply a bias field using a permanent magnet at an angle of
≈ 75◦ with respect to the NV center ZFS axis (shown in Fig-
ure 3). At each point in space, we measure a full ODMR
spectrum including both transitions to simultaneously extract
the parallel and transverse components of the stray field. We
emphasize that no modifications from the standard scanning
NV experiment were required beyond application of a moder-
ate external bias in an in-plane direction, achieved by mount-
ing a permanent magnet ≈1" from the sample. The spatial
images show the characteristic out-of-phase sinusoidal rela-
tionship between orthogonal vector components of the mag-
netic field, with stray field components from the cycloid on
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FIG. 4. (a) The four-point iso-B method monitors two frequency
points per peak to extract both parallel and transverse magnetic field
textures (b) Iso-B image plotting the relative change in PL of the
magnetic field components parallel to the ZFS axis. The heatmap
indicates the relative change in detected photon count rate. (c) Iso-B
image of the magnetic field components transverse to the ZFS axis
(d) Linecuts of the two components along the dashed line in (b),
again highlighting the expected relationship for the stray fields in
BiFeO3.

the order of ±100µT , consistent with previous observations
of this system22,23. The transverse fields we detect here are
100× smaller than those previously imaged without bias-field
optimization.7. Though reconstructing the vector magnetic
field from these spatial images is possible without the bias-
field engineering described here, the process is prone to ar-
tifacts from finite-size effects. These can, however, be miti-
gated by measuring additional vector components11, thus, the
ability to measure two orthogonal components of the stray
field has significant value even in this context.

We further demonstrate the utility of our bias field engi-
neering approach by measuring a 4-point “iso-B” image of
the vector fields with our scanning-tip system. Iso-B mea-
surements measure the photoluminescence in response to one
or two microwave fields24,25, enabling the magnetic field tex-
ture (or, quantitatively, field contours) of a sample to be im-
aged without the time-consuming step of acquiring an entire
ODMR spectrum at each pixel. However, this precludes sim-
ple reconstruction of the vector magnetic field with the usual
approaches; here, we extend this approach to measure the
photoluminescence at four microwave drives (two for each
peak) enabling us to extract the magnetic field contours of
the BiFeO3 cycloid at for only twice the acquisition time of
a typical iso-B measurement.

In the 4-point iso-B measurement, we track two microwave
frequencies (“lower”, L, and “upper”, U) for each of the two
peaks (labelled +, −), as illustrated in Figure 4. We calcu-
late the iso-B signal arising from the parallel and transverse

System D / rad s−1 Reference
NV center 2π ×2870 9

SiV0 2π ×944 26

TR12 2π ×1636 27

hBN 2π ×3480 28

VV in SiC 2π ×1300 29

TABLE II. Other known point defects with S = 1 and their zero-field
splittings (D). We use these values to simulate the gain in sensitivity
to transverse fields in the main text.

FIG. 5. (a) The transverse sensitivity η⊥ for a range of defect zero-
field splittings. (b) The variation in contrast as a function of trans-
verse field for the various defect Hamiltonians.

components as:

∆∥ =
1
2

(
PL(ω+,U )−PL(ω+,L)+PL(ω−,U )−PL(ω−,L)

)
(8)

∆⊥ =
1
2

(
PL(ωm,U )−PL(ωm,L)−PL(ω+,U )+PL(ω+,L)

)
.

(9)

With this approach, both the parallel and transverse magnetic
textures from the BiFeO3 cycloid can be recovered, shown
in Figure 4b,c, directly comparable to Figure 3c,d. This ap-
proach greatly improves the data acquisition rate; the data
shown in Figure 4b,c are collected with an integration time of
60ms per frequency, per point, enabling the entire dataset to be
acquired in 10 minutes. In contrast, the conventional approach
to vector magnetometry which acquires the full ODMR spec-
trum at each point (Figure 3c), takes ≈2 hours. The 4-point
iso-B method enabled by engineering the bias field thus rep-
resents an order-of-magnitude speed-up for imaging multiple
magnetic field components simultaneously.

Finally, we consider the applicability of this approach to
systems beyond the NV center in diamond. A vast number of
point defects with optically-addressable spin states have been
detailed; here we focus on S = 1 systems to facilitate compari-
son with the NV center. Example alternative systems are listed
in Table II. The photophysics of each of these systems may
differ substantially, leading to greater or less contrast, spin
polarization, photoluminescence etc. To simplify the compar-
ison, we assume all photophysics rates are the same as the
NV center model used (Table I), and focus on changes in the
transverse sensitivity due to differences in mixing of the spin
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states. We observe that the optimum bias field for transverse
field sensing decreases with decreasing D, but the optimum
sensitivity is only weakly dependent on the bias field magni-
tude. This comes from two competing effects; 1) the suppres-
sion of the second order frequency shift in Equations 3 and 7
is less as the D parameter decreases, however, 2) this also has
the effect of reducing the contrast for smaller bias fields, as
shown in Figure 5. Thus, while the specific optimum operat-
ing point may vary between systems, we expect the approach
we develop here to be broadly applicable to vector magnetom-
etry with point defects.

In summary, we demonstrate that single point defects can
be used to sense multiple components of a magnetic field si-
multaneously through the application of a static bias field or-
thogonal to the zero-field quantization axis. Simulating the
photophysics of this system allows us to determine an optimal
operating point to sense both parallel and transverse fields,
enabling orders-of-magnitude improvement in the transverse
sensitivity with minimal degradation of the sensitivity to par-
allel fields. We validate this approach experimentally by
imaging the stray fields generated by the spin cycloid in
BiFeO3 with conventional ODMR and demonstrate a new 4-
point estimation method to increase data collection rates.
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