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In quantum sensing of magnetic fields, ensembles of nitrogen-vacancy centers in diamond offer high
sensitivity, high bandwidth and outstanding spatial resolution while operating in harsh environments.
Moreover, the orientation of defect centers along four crystal axes forms an intrinsic coordinate system,
enabling vector magnetometry within a single diamond crystal. While most vector magnetometers rely
on a known bias magnetic field for full recovery of three-dimensional (3D) field information, employing
external 3D Helmholtz coils or permanent magnets results in bulky, laboratory-bound setups, impeding
miniaturization of the device. Here, a novel approach is presented that utilizes a fiber-integrated microscale
coil at the fiber tip to generate a localized uniaxial magnetic field. The same fiber-tip coil is used in parallel
for spin control by combining dc and microwave signals in a bias tee. To implement vector magnetometry
using a uniaxial bias field, the orientation of the diamond crystal is preselected and then fully characterized
by rotating a static magnetic field in three planes of rotation. The measurement of vector magnetic fields in
the full solid angle is demonstrated with a shot-noise-limited sensitivity of 19.4 nT/Hz1/2 and microscale
spatial resolution while achieving a fiber sensor head cross section of less than 1 mm2.
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I. INTRODUCTION

In recent years, the negatively charged nitrogen-vacancy
(N-V) center in diamond has been established in the
field of quantum sensing, finding its way from labora-
tory to field-tested applications. Among other promis-
ing quantum magnetometer candidates (e.g., SQUIDs and
alkali vapor cells), N-V centers are particularly attrac-
tive in situations where high spatial resolution ranging
down to atom size [1–3], room-temperature operation or
high bandwidth [3–5] is required, while surpassing the
sensitivity of classical magnetometers like Hall sensors.
Sensitivities of the order of pT/Hz1/2 have been demon-
strated [6–8], down to the femtotesla regime with the
aid of magnetic flux concentrators [9,10]. Furthermore,
the solid-state material platform offers a potentially high
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degree of integration and miniaturization of the sensor
device [11,12], as well as operation under extreme condi-
tions such as high temperature [13–15] and high pressure
[16,17]. Numerous recent experiments have been per-
formed in the laboratory using bulky and cost-intensive
setups. Consequently, efforts have been made to inte-
grate the setup into a portable miniaturized device such
as a fiber-tip sensor [18–22], which allows versatility
and a wide range of applications due to the spatial
separation of sensor material and optical and electronic
components.

The N-V center is an optically active crystal defect in the
diamond lattice that consists of a substitutional nitrogen
atom and an adjacent vacancy. Its magnetic sensing capa-
bility is given by the interaction of a magnetic field with
the electron spin known as the Zeeman effect. This shift of
the electron spin sublevels in the N-V ground state can be
read out in optically detected magnetic resonance (ODMR)
experiments. Here, manipulation of the electron spin with
microwave (MW) frequencies resonant to the |mS = 0〉 →
|mS = ±1〉 electron spin transitions in the ground state 3A2
will decrease the photoluminescence (PL) intensity emit-
ted by the N-V center by increased nonradiative decay via
the 1A1 singlet state [see Fig. 1(a)].
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FIG. 1. (a) Energy-level diagram of the negatively charged
nitrogen-vacancy (N-V) center in diamond. The spin-dependent
fluorescence will decrease when the ground state electron spins
are driven in resonance to the |mS = 0〉 → |mS = ±1〉 transi-
tions with D = 2.87 GHz in zero field. The degeneracy of the
|mS = ±1〉 spin states is lifted with a magnetic field parallel
to the N-V symmetry axes B‖. (b) N-V center in the diamond
crystal lattice, with the N-V symmetry axes emphasized in red.
Since the nitrogen atom N can occupy each of the four lattice
sites surrounding the vacancy V, all four N-V orientations will be
equally present in N-V ensembles. (c) N-V ensemble on the tip of
a fiber aligned in the z axis. The N-V axes NVi form an inherent
tetrahedral coordinate system. (d) Optically detected magnetic
resonance of the N-V ensemble shown in (c). The frequency
shifts of the resonances corresponding to NVi strongly depend
on their angle to the magnetic field Bbias. (e) Experimental setup
with fiber-integrated microscale magnetic coil. The N-V diamond
is attached to the fiber facet of a multimode optical fiber. The
magnetic coil is simultaneously used for active field biasing and
spin control using a bias tee combining the signals.

The ground state of the N-V center exhibits a zero-
field splitting of D = 2.87 GHz between the |mS = 0〉
and |mS = ±1〉 electron spin states. When subjected to a
(low) magnetic field, the |mS = ±1〉 spin states undergo
a splitting denoted by �f ≈ 2

√
(γB‖)2 + E2, where B‖ =

B cosϑ is the field component along the N-V symmetry
axis [see Fig. 1(b)], γ = 28 MHz/mT is the gyromag-
netic ratio and E is a strain-dependent parameter that can
lift the degeneracy of the |mS = ±1〉 electron spin states
in zero-field conditions due to local crystal strain. The
dependence of the shift on the axial field component B‖
introduces the directionality that enables vector magne-
tometry. Note that, as discussed in Appendix A, in higher
magnetic fields, the influence of the nonaxial component
B⊥ of the magnetic field on the transitions frequencies
becomes non-negligible.

Due to the C3v symmetry of the diamond crystal lattice,
the orientation of a single N-V center can align along one

of four possible axes that correspond to the Miller indices
[111], [1̄1̄1], [1̄11] and [11̄1]. In the following, these four
orientations will be denoted by NVi, represented by the
unit length vectors n̂i, i ∈ {1, 2, 3, 4} [see Fig. 1(c)]. In a
sufficiently high external magnetic field, the magnetic field
projection B‖ along these four N-V axes Bi can be extracted
from a total of eight resonances, in pairs due to transitions
to the |mS = −1〉 and |mS = +1〉 spin states, in the ODMR
signal as can be seen in Fig. 1(d).

However, the employment of this intrinsic tetrahedral
coordinate system with the base vectors n̂i for vector mag-
netometry is challenging due to the symmetries in n̂i. To
assign a pair of resonances to one of the N-V axes, a known
bias field is essential. By applying the bias field in an axis
that is at a different angle to each of the four N-V orien-
tations, the N-V axes NVi can be encoded with their angle
to the bias field vector ϑi. Previous implementations have
used three-dimensional (3D) Helmholtz coils [4,23–25],
permanent magnets [26,27], or Halbach arrays [28,29] to
apply the bias field, leading to a bulky and lab-bound setup
and hindering the miniaturization of the sensor device.

In the approach taken in this paper, the bias field is
generated by a microscale wire coil wrapped around a
diamond microcrystal that is placed on the tip of a multi-
mode optical fiber (MMF) for optical access. This fiber-tip
coil is simultaneously also used for spin manipulation at
microwave frequencies. The sensor setup involves a two-
step process. First, to employ the uniaxial bias field for
vector magnetometry, the crystal orientation is defined in
the bias field by preselection of diamond microcrystals
via ODMR. However, with a single axis as reference, the
exact crystal orientation remains unresolved in laboratory
coordinates as there is still a rotational degree of free-
dom. Hence, as a second step, the exact crystal orientation,
namely the N-V unit vectors n̂i, need to be determined
in the laboratory coordinate system. This is one of the
fundamental challenges when using N-V diamond parti-
cles such as diamond microcrystals or nanodiamonds for
magnetic field sensing as opposed to bulk diamond, and
several methods have been proposed in the past to over-
come this problem [30–33]. Here, we use an approach in
which a static, controlled magnetic field is scanned in three
planes of rotation. Finally, we demonstrate fully fiber-
integrated vector magnetometry in the full solid angle for
static external magnetic fields with high dynamic range, as
well as 3D measurements of small and alternating changes
in the external magnetic field. This development is a step
towards robust and versatile application of 3D, broadband,
highly sensitive and spatially resolved N-V magnetometry
in confined spaces and extreme conditions.

II. SENSOR SETUP

As illustrated in Fig. 1(e), on the 50-µm core of
a cleaved multimode optical fiber with a numerical
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aperture NA = 0.22 (Thorlabs FG050UGA), a diamond
microcrystal is positioned and fixed with optical adhe-
sive (Norland NOA81). The diamond crystal has a size
of approximately 15 µm and a NV− concentration of
3.5 ppm and was supplied by Adamas Nanotechnologies
(MDNV15umHi30mg). The fiber tip is positioned inside
a copper wire coil that is used for simultaneous genera-
tion of MW and dc fields and is later described in detail.
The two signals are generated in a signal generator (Rigol
DSG836A) and a power supply in constant current mode
(Rhode & Schwarz NGE100), respectively, and combined
in a bias tee (Minicircuits ZFBT-352-FT+). The signals are
transmitted to the wire coil via coaxial cable.

The diamond is optically addressed through the MMF
by a 520-nm diode laser that is reflected by a long-pass
dichroic mirror (Thorlabs DMLP550) and coupled to the
fiber with a standard 10×, NA = 0.25 microscope objec-
tive. The PL from the diamond passes through the dichroic
mirror and a bandpass filterset with a cut-on wavelength of
550 nm (Thorlabs FES0570) and a cut-off wavelength of
750 nm (Thorlabs FES0750). It is focused onto an ampli-
fied photodetector (PD) (Thorlabs PDA26A2) that is set to
a gain of 60 dB.

The MW signal generated by the signal generator is
modulated in either its amplitude or frequency. The mod-
ulation frequency flf is generated by a lock-in amplifier
(LI) (Zürich Instruments MFLI), which also demodulates
the PD signal at the same frequency. The LI output is
then transmitted to a computer for data acquisition. This
method effectively reduces noise, including 1/f noise,
and is commonly employed in magnetometry with N-V
centers [4,12,22,28,34,35]. It is particularly advantageous
when optical signals are transmitted through a fiber, as
it mitigates artifacts such as fiber vibration and motion.
In the following experiments, we primarily use amplitude
modulation unless otherwise specified.

A. Fiber coupling of preselected diamond
microcrystals

The goal of preselecting the diamond microcrystal for
coupling to the fiber is to define the angles ϑi of the
N-V axes NVi in the bias field. Because the uniaxial bias
field �Bbias is fixed to the fiber axis is terms of orientation,
we determine the diamond lattice orientation before fix-
ating it to the fiber tip with optical adhesive. We see this
technique of identifying single N-V diamonds and picking
them from a substrate with a fiber tip potentially being used
for diamond of various sizes (e.g., nanodiamonds).

The diamond microcrystals are suspended in isopropyl
alcohol and drop-cast onto a glass substrate. After evapo-
ration of the suspension liquid, individual diamond micro-
crystals can be identified by measuring the fluorescence
through the MMF during lateral movement of the sam-
ple under the fiber tip [see Fig. 2(b)]. We acquire ODMR

(a)

(b) (c)

(d)

FIG. 2. (a),(b) Individual diamond microcrystals containing
N-V centers are optically addressed through the MMF by scan-
ning its tip laterally over the substrate. The crystal orientation
is assessed by ODMR measurements in a magnetic field along
the fiber axis with a printed circuit board MW antenna [36] (I).
The diamond is fixed to the fiber tip with UV adhesive while
the centering of the diamond microcrystal is monitored via the
detected fluorescence (II–IV). (c) The separation of the reso-
nances in the magnetic field along the fiber axis ensures that the
N-V centers can be labeled based on their respective angles in the
bias field ϑi (top). After fixation on the fiber tip (IV), the angles
remain unchanged (bottom). (d) Diamond microcrystal 15 µm in
diameter attached to the tip of a dcore = 50 µm MMF with UV
adhesive. The red N-V fluorescence is clearly visible through a
long-pass filter (550-nm cut-off).

signals from the N-V ensembles by manipulating the elec-
tron spin using a broadband printed circuit board (PCB)
microwave resonator that has a sufficiently high field even
at a few millimeters from the PCB [36]. A custom-built
Helmholtz coil is used to apply a magnetic field along the
MMF, in the same axis as that generated by the fiber-tip
wire coil. The main selection criterion is the measurement
of eight frequency-separated resonances. This ensures that
each of the four N-V orientations can be distinguished by
its angle to the bias field �Bbias generated by the fiber-tip
coil.

Once a diamond microcrystal with suitable orientation
has been identified, a drop of optical UV adhesive is
applied to the fiber tip, which is lowered until the liquid
adhesive comes into contact with the particle. Lateral posi-
tioning can be fine-tuned by maximizing the fluorescence
detected through the MMF [see inset of Fig. 2(a)(III)].
The adhesive is polymerized using a UV lamp to secure
the position of the diamond microcrystals.

Figure 2(c) shows ODMR measurements for the dia-
mond microcrystal used in this work. From the measured
ODMR signal during positioning [see Fig. 2(a)(I)], we
compute the angles ϑi of the N-V axes NVi in the bias
field Bbias, as described in Appendix B, and find ϑ1 =
14.9◦, ϑ2 = 57.9◦, ϑ3 = 71.2◦, and ϑ4 = 83.6◦. In the
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course of this, the ODMR signal is fitted with the sum
of eight Gaussians in order to determine the resonance
frequencies. Note that a traditional method is the fit with
a Lorentzian profile [6,30,37]; however, in these experi-
ments, fitting both profiles to the data showed that a Gaus-
sian profile more closely resembled the measured data. We
interpret this observation as inhomogeneous broadening of
the lines which arises from different local environments of
the individual N-V spins [38].

In an ODMR measurement, after the diamond is fixed
on the tip of the MMF, the angles are estimated as ϑ1 =
15.5◦, ϑ2 = 57.3◦, ϑ3 = 71.5◦, and ϑ4 = 84.0◦. This indi-
cates a rotation of the diamond microcrystal of only 0.6◦
during the positioning process. In our experiments, we did
not observe any significant change of orientation of the dia-
mond microcrystal unless the tip of the MMF comes into
physical contact with the crystal.

In the following, the four N-V axes are denoted accord-
ing to their angle in the bias field in ascending order, that is,
NV1 represents the N-V orientation with the smallest angle
ϑ1 to the bias field Bbias.

B. Fiber-integrated magnetic field bias coil

For simultaneous generation of a microwave field at
around 2.87 GHz and a localized dc bias magnetic field
in the diamond vicinity, a microscale wire coil is used [see
Fig. 3(a)]. The single layer windings of this coil consist of
a 100-µm-diameter enameled copper wire. It is manually
wound around a 150-µm copper wire which is kept under
tension to ensure straightness of the coil. The coil is then
removed from the wire by cutting it and sliding the coil
off with a pair of tweezers, using some isopropyl alcohol
as a lubricant. The stripped MMF has a cladding diameter
of 125 µm and can thus be inserted into the coil with a
manual XYZ translation stage. The diamond is positioned
inside the coil at the ninth of a total of 13 windings. The
magnetic coil is finally secured with UV curing adhesive.
The wire ends with a length of roughly 5 cm are connected
to the inner and outer conductor of a coaxial cable.

To calibrate the generated magnetic field of the wire
coil, ODMR measurements are recorded while varying the
current fed to the fiber-tip magnetic coil [see Fig. 3(b)].
The magnetic field magnitude is derived from nonlin-
ear fitting as described in Appendix B. In the low-field
regime, where γBi � E, the resonances overlap, which
leads to an inaccuracy of the fit. Therefore, we dis-
card measurements for Ibias < 150 mA and find a slope
of dBbias/dIbias = 10.46 mT/A, which is consistent with
finite-element method (FEM) simulations [see Fig. 3(c)].
Note that in our experiments we avoid Ibias ≥ 500 mA
in continuous operation to reduce current-induced heat
generation at the fiber tip.

The FEM simulations were conducted with a wire
diameter of 100 µm and an inner coil radius of 80 µm

(a)

(b) (c) (d)

FIG. 3. (a) Magnetic field bias coil on the fiber tip. The dia-
mond microcrystal is positioned inside the coil. (b) ODMR
measurements for different dc currents Ibias. In the low-field
regime below 1.5 mT, the degeneracy of the |mS = ±1〉 spin
states is lifted due to internal crystal strain by 2E ≈ 11.9 MHz.
(c) From these measurements, the magnetic field magnitude Bbias
is deduced. Measurements in the low-field regime are not taken
into account due to the overlap of the resonances. The measured
values are consistent with finite-element method simulations.
(d) Simulated dc magnetic field distribution inside the fiber-tip
coil.

to account for the 5 µm film thickness of the isolation.
The wire windings are spaced at a distance of 119 µm
from center to center, considering imperfect spacing and
film thickness of the isolation. The simulated field distri-
bution is not entirely homogeneous along the fiber axis, as
the coil diameter has similar dimensions to the wire diam-
eter. However, considering the 15-µm size of the diamond
crystal, the field distribution within the diamond volume
can be assumed to be homogeneous. Inhomogeneous field
distribution, on the other hand, would lead to an increase
of linewidth with higher field magnitudes, since individ-
ual N-V centers experience different local field strengths,
which we did not observe in our measurements. More-
over, as evident from the simulation, the generated static
field is well confined within the fiber-tip coil. This is very
advantageous in situations where the measurement in an
unconfined bias field would cause undesired interactions
with the samples or devices under test.

C. Determination of crystal orientation

The next step in the sensor setup is the determination of
the N-V axes in the laboratory coordinate system (herein
lab frame). As stated in the introduction, the magnetic field
components Bi, directed along the four N-V axes n̂i, can be
measured with ODMR. A crucial missing link is the 3 × 4
transformation matrix K, that transforms the magnetic field
vector �BN-V = (B1, B2, B3, B4) in the nonorthogonal N-V
coordinate system with the unit vectors n̂i (herein N-V
frame, denoted with N-V subscript) to the vector �B in the
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(a)

(b) (c)

FIG. 4. (a) ODMR measurements for a full rotation of the field vector with a magnitude of B = 2.95 mT in the x-y, x-z, and y-z plane
(left to right). From the fit, depicted as dotted red lines, (b) the four N-V axes NVi in unity vector representation are obtained. (c) The
resulting N-V axes, projected into the x-y, x-z, and y-z planes in cartesian coordinates. The transition frequencies to the |mS = +1〉 spin
states, as shown in (a), are depicted in polar coordinates for a full rotation of the field vector (dashed lines). The transition frequency
corresponding to NVi in a given plane is maximized when the field vector is parallel or antiparallel to the projection of n̂i onto that
plane (arrows).

lab frame,

�B = K · �BN-V. (1)

The columns of this matrix K simply contain the x-, y-,
and z-components of n̂i in the lab frame. Note that once
this matrix K is determined, the lab frame is fixed to the
fiber tip, and it can be moved and rotated just like con-
ventional 3D Hall sensors. To derive n̂i, we take ODMR
measurements while scanning �B in three planes of rotation.

The fiber tip is positioned in the center of a custom-built
3D Helmholtz coil so that the fiber axis is aligned with �ez
in the lab frame. ODMR measurements are taken from the
fiber-coupled diamond microcrystal while the field vector
is rotated about the azimuth angle φ so that

�Bxy = B0 (cosφxy , sinφxy , 0),

�Bxz = B0 (cosφxz, 0, sinφxz),

�Byz = B0 (0, cosφyz, sinφyz).

(2)

The results depicted in Fig. 4(a) illustrate the frequency-
dependent normalized PL in pseudocolor across a full
rotation of the magnetic field vector. Eight curves emerge
in four pairs, corresponding to the spin transitions to the
|mS = ±1〉 states for the four N-V axes. The progres-
sion of resonances for a single N-V axis for a complete
rotation qualitatively resembles two half sine waves, with
resonance frequency minima (maxima for |mS = −1〉 tran-
sitions) occurring when �B ⊥ n̂i, and maxima (minima for
|mS = −1〉 transitions) occurring when �B is parallel or

antiparallel to the projection of n̂i onto the rotation plane
[see Fig. 4(c)]. Consequently, the azimuth angle of each
N-V axis within the rotation plane can be inferred from
the measurement. Furthermore, the elevation angle from
the rotation plane determines the maximum resonance
frequency (minimum for |mS = −1〉 transitions) as it con-
strains the minimal angle between �B and n̂i. However,
since only the absolute value of B‖ influences the transition
frequency, the transition frequencies behave identically
for both half rotations of the magnetic field vector. This
introduces an ambiguity with respect to the sign of the
elevation angle, specifically whether the N-V axis is posi-
tioned above or below the reference plane, rendering it
impossible to unambiguously determine the N-V axes from
a measurement in a single rotation plane.

As described in more detail in Appendix C, by parame-
terizing the resonance frequencies with the rotation angle
φ derived from Eq. (2), we obtain a expression in which
the resonance frequencies depend on φ, the two in-plane
components of the N-V axes n̂i (e.g., nx, ny for rotation
in the x-y plane), the external field magnitude B0 and the
constants of the N-V ground state γ , D, and E. Thus, fit-
ting this expression to the measured ODMR datasets lets
us directly identify the in-plane components of n̂i in each
rotation plane. By defining the transformation matrix as

K = R · 1
3

⎛

⎝
0 2

√
2 −√

2 −√
2

0 0
√

6 −√
6

3 −1 −1 −1

⎞

⎠ (3)
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where R = Rx(χ) · Ry(ψ) · Rz(ω) are rotations around �ex,
�ey , and �ez with the rotation angles χ ,ψ , and ω, we can opti-
mize the rotation angles so that the root-mean-square error
of the matrix elements of K and the vector components
of n̂i from the fit are minimized. We find χ = −2.19◦,
ψ = −8.36◦, and ω = 149.67◦. The vectors n̂i depicted in
Fig. 4(b) are represented as the columns of K, where n̂1 is
the first column and n̂4 is the last column of the matrix.
Note that for Eq. (1) to hold, a correction factor c = 3

4
accounts for the extra element in BN-V and the corrected
matrix is Kc = 3

4 K.

III. MEASUREMENTS

A. Vectormagnetometry of static fields

To demonstrate N-V vectormagnetometry, the fiberized
N-V ensemble is placed in the center of a 3D Helmholtz
coil for controlled field generation. A static magnetic field
of �B = (5.2, 0, 3) mT is applied. We measure a ODMR
signal as displayed in Fig. 5. With no other information
than the transition frequencies derived from the measure-
ment, the assignment of the four N-V axes to the transition
frequencies is ambiguous. While this information is suffi-
cient to determine the field magnitude, randomly assigning
the N-V axes to infer the azimuth angle ϕ and polar angle
ϑ would yield 24 possible permutations due to the inher-
ent ambiguity. This count is doubled since both +�B and
−�B have the same influence on the transition frequencies
[see Fig. 5(a)].

To resolve these ambiguities, we introduce an additional
field �Bbias using the fiber-tip coil. Since the orientation of
the N-V ensemble in the bias field has been previously
determined, the frequency shifts�fi resulting from the bias
field can be utilized to associate the resonances with the
N-V axes. Notably, the frequency shift �fi depends on the
angle ϑi between the N-V axes n̂i and the bias field �Bbias =
Bbias�ez. Specifically, according to the definition in Sec. II A,
the highest measured frequency shift corresponds to NV1,
followed by NV2, NV3, and NV4 in descending order (see
Fig. 5).

From the measurements, the resonance frequencies are
determined by a Gaussian fit. As shown in Appendix B,
from the resonance frequencies, we derive the mag-
netic field vector in the N-V frame �BN-V = (2.2,
−5.5, −0.7, 4) mT and �BN-V = (−2.1, 5.4, −0.7, 4) mT.
The signs of the vector components are derived from the
tetrahedral geometry of the N-V ensemble and the direc-
tion of the frequency shift [see Fig. 5(b)]. The magnetic
field in the lab coordinate system �B is given by matrix mul-
tiplication with Kc. The vectors �B = (5.4, 0.1, 3.0) mT
and �B = (−5.4, −0.1, −2.9) mT can be determined with
acceptable agreement with the applied magnetic field of
�B = (5.2 , 0 , 3) mT and �B = (−5.2 , 0 , −3) mT. The
respective angular discrepancies of 1.5◦ and 2.0◦ between
the applied and the measured vectors can be attributed to a

(a)

(b)

FIG. 5. (a) Measured ODMR signal for a applied magnetic
field �B = (5.2, 0, 3) mT (upper) and −�B = −(5.2, 0, 3) mT
(lower). (b) The shift of the resonance frequencies is depen-
dent on the orientation of the N-V axes in the bias field �Bbias.
Therefore, the frequency shift indicates the transition frequencies
associated with each N-V axis, as well as the field polarity.

suboptimal centering of the N-V diamond microcrystal in
the Helmholtz coil.

B. Special case of overlapping resonances

In certain field configurations, components of �BN-V may
coincide, which have previously been considered as “dead
zones” of the sensor, since the reconstruction of the applied
field vector �B is particularly challenging in these cases
[24,25]. To demonstrate the absence of dead zones in the
proposed setup, we apply a field such that the components
|B1| = |B2| = |B3| = |B4| of �BN-V are equal, causing the
resonances to overlap. Considering the tetrahedral geome-
try of the N-V ensemble, the field vector can be oriented in
six different directions to achieve equal absolute values for
all components of �BN-V as discussed in Appendix D.

When feeding a current to the fiber-tip coil, the res-
onances separate as depicted in Fig. 6. The frequency
shifts of the transitions to the |mS = ±1〉 spin states
exhibit distinct behavior. Notably, for at least one of
the four N-V orientations, the shift direction will invert
for any of the six possible orientations of �B as shown
in Appendix D. Thus, �B can be unambiguously recon-
structed from the measurement. We determine a vector
�B = (3.8, 2.6, 4.0) mT, which deviates from the applied
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(a)

(b) (c)

FIG. 6. (a) ODMR measurement when |B1| = |B2| = |B3| =
|B4|. The magnetic field has a sixfold ambiguity in this case in
terms of its orientation. (b) The overlapping resonance lines can
be separated by applying a Bbias in the fiber-tip coil. (c) The
direction of the frequency shifts �fi corresponding to NVi has
a signature behavior for any of the six possible orientations of
magnetic field.

field �B = (3.7, 2.6, 3.9) mT by a margin of 0.5◦ in angu-
lar deviation. Note that while not being a dead zone, the
sensor is less sensitive to angular changes in the external
field for a case like this, as the resonances will overlap in
a frequency range that corresponds to the linewidth of the
transitions.

C. Vectormagnetometry of dynamic fields by
frequency modulated ODMR

While the measurement of the magnetic field via a
sweep of MW frequency has a high dynamic range up to
several tens of milliteslas [19,39,40], it relies on the exter-
nal field being fully static during the acquisition time. In
order to retrieve real-time measurements, methods have
been presented in the past that utilize frequency mod-
ulation (FM) of the microwave frequency in order to
individually interrogate ODMR features in a bias field of
several milliteslas [4,6,12,28,41]. When sweeping a fre-
quency modulated MW frequency, the demodulated signal
is a derivative of the lineshapes that would be acquired
from conventional ODMR acquisition techniques, as can
be seen in Fig. 7(a). At the frequency of the zero crossing,
the LI signal is a directly related to changes in the mag-
netic field, as it scales with the gyromagnetic ratio γ , the
component of the external field Bi along the respective N-
V axis NVi and the slope of the zero crossing in units of
volts per hertz. Thus, a small change in the external field �B
will detune the resonance frequency which is detected in a

(a)

(b)

FIG. 7. (a) FM-ODMR measurement in a bias field with the
fiber-tip coil of Bbias = 5.2 mT. At the frequencies the zero
crossings of the derivatives of the resonances, the LI signal is
magnetically sensitive and small changes in Bi along NVi can
be directly read out. (b) Four times averaged time traces of
the demodulated signal in each frequency band when apply-
ing a square wave external magnetic field with an amplitude of
B = 70.7 µT and a frequency of f = 0.5 Hz.

increase or a decrease of the LI signal. This method enables
real-time measurements of the magnetic field vector �B
when performed in parallel [4] or scalar fields when only
one transition frequency is interrogated [12,41], which is
limited in its bandwidth only by the modulation frequency
of the FM [28].

In order to demonstrate the three-dimensional measure-
ment of dynamic changes in the magnetic fields, a square
wave signal with a period of T = 2 s is applied to the x- and
z-channel of the 3D Helmholtz coils in series, which gen-
erates an external magnetic field with an amplitude of �B =
(49.9, 0, 50.4) µT. The MW frequency is modulated with
a modulation depth of f� = 500 kHz and a modulation
frequency of flf = 3 kHz. For each of the four transitions
to the |mS = +1〉 spin states, the time trace of the LI sig-
nal is acquired sequentially over 18 s. Note that sequential
readout introduces a dead time in each frequency band and
therefore relies on a periodic signal, whereas simultaneous
readout, as demonstrated in [4], allows the measurement
of nonperiodic signals. Figure 7(b) shows the offset cor-
rected four times average of the LI signal with a filter
bandwidth of 5 Hz. By fitting an 11th-order Fourier series
of a square wave signal to the data, the amplitudes of the LI
signal at each frequency are obtained. With the gyromag-
netic ratio γ and the slope at the zero crossing, derived
from Fig. 7(a), the resulting vector in the N-V frame is
�BN-V = (38.1, −67.5, −20.9, 20.8) µT. Here, the sign of
each component Bi is derived from the direction of the fre-
quency shift and the known orientations of NVi and �Bbias.
Matrix multiplication with K yields �B = (46.9, 0, 52.9) µT
which is in good agreement with the applied external field
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vector. The deviation from the expected values may arise
from a noisy signal and a suboptimal centering of the fiber
tip in the 3D Helmholtz coils.

D. Fiber-tip sensor characteristics

A main figure of merit for a magnetic sensing device is
the magnetic sensitivity. Here, we assess the shot-noise-
limited sensitivity, which is a theoretical lower limit when
neglecting all technical noise sources. It is calculated for a
single resonance with

ηB = PG
1
γ

�ν

C
√

R
, (4)

where PG = √
e/8 ln 2 is a factor for a Gaussian lineshape,

�ν is the full width half maximum (FWHM) linewidth,
C is the ODMR contrast of the resonance, and R is the
detected count rate [42]. It has been shown that for N-V
centers, both linewidth and contrast depend on the MW
field strength, with both quantities generally increasing
with rising field strength [42]. However, the broadening of
the resonance lines becomes more pronounced with high
MW powers, outweighing the increase in ODMR con-
trast in terms of magnetic sensitivity. This counteracting
behavior leads to a region of MW field strength where
the shot-noise-limited sensitivity is minimized. There are
also reports of decreasing linewidth with very efficient
optical pumping [43], which we did not observe in our
experiments.

To find the optimum in sensitivity, the MW power PMW
of the signal generator is varied while maintaining a con-
stant laser power PL = 100 mW. From the ODMR mea-
surements in a bias field, we fit eight Gaussians to the data,
as described in Appendix B, and consequently obtain the
contrast and linewidth of all eight resonance lines. In other
implementations of N-V magnetometers where only single
orientations of N-V centers are interrogated, it may be pur-
poseful to optimize single resonances and only estimate the
sensitivity of that resonance, that is, via the orientation of
the respective N-V axis in the MW field. Here, on the other
hand, since the magnetic fields along all four N-V axes
Bi are observed, we average the ODMR contrast and the
linewidth and find a optimum of shot-noise-limited sensi-
tivity of ηB = 19.4 nT/Hz1/2 for PMW = 12.5 dBm with a
count rate R = 5.9 × 1012, a contrast of C = 1.2%, and an
FWHM linewidth of �ν = 11.9 MHz.

Furthermore, we evaluate the temperature at the fiber
tip, which can be observed by a shift of the zero-field
splitting parameter D = 2.87 GHz towards lower frequen-
cies with a coefficient of dD/dT = −74.2 kHz/K [44].
This is done by varying the laser power during zero-field
ODMR measurements, as shown in Fig. 8(b). At a laser
power of PL = 100 mW, a shift of �D = 8.14 MHz is
measured which corresponds to a temperature increase of

(a) (b)

FIG. 8. (a) Estimated shot-noise-limited sensitivity of the N-V
magnetometer with a laser power of PL = 100 mW. With an opti-
mum of ηB = 19.4 nT/Hz1/2 at PMW = 12.5 dBm, the sensitivity
degrades for higher values of PMW due to power broadening of
the resonances. (b) Zero-field ODMR measurements for differ-
ent values of PL. The degeneracy of the |mS = ±1〉 is lifted due
to internal crystal strain by 2E = 11.9 MHz. From the shift of
the zero-field splitting parameter D = 2.87 GHz, the diamond
temperature for PL = 100 mW is estimated to be 109.7 K above
room temperature.

�T = 109.7 K. We find a linear dependence of the temper-
ature on the laser power, and did not observe any additional
heating effects from the MW power or the current flow-
ing through the fiber-tip coil. Even at higher currents up
to Ic = 500 mA, the diamond temperature remains stable
over time. In addition, within the investigated range of
laser power, the fluorescence scales linearly with the laser
power which leads to the conclusion that the intensity at
the fiber tip is still far below the saturation intensity of the
N-V diamond microcrystal.

The laser heating of the diamond can be partially
attributed to the mismatch between the diamond micro-
crystal size of 15 µm and the core diameter of the mul-
timode fiber (50 µm), and a resulting suboptimal optical
pumping efficiency of the N-V centers. Although heating
effects are known to counteract a straightforward increase
of pump light power to achieve higher count rates and con-
sequently better sensitivities in integrated diamond sensors
[12,22], we expect that a better matching of the diamond
size to the fiber core diameter should reduce the require-
ment for high laser powers and thus improve the usability
of the fiber sensor in temperature critical applications (e.g.,
life science). Furthermore, the fluorescence collection effi-
ciency is currently limited by the numerical aperture NA =
0.22 of the MMF and may be improved by using a MMF
with a higher numerical aperture and implementing addi-
tional optical elements on the fiber facet. With reliable
control over the diamond temperature, the sensor design
presented could also be used for temperature sensing.

IV. CONCLUSION AND OUTLOOK

In conclusion, we have presented a fully fiber-integrated
vector magnetic field sensor based on N-V ensembles by
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the generation of a localized bias field on the fiber tip with
a fiber-tip coil. A major advancement is that this fiber-
tip coil is used simultaneously for bias field generation
and spin control by combining dc and MW signals with
microwave frequency in a bias tee.

Our preselection method is implemented to utilize the
one-dimensional bias field for vectormagnetometry, in the
course of which the orientation of the diamond micro-
crystal is interrogated. Subsequently, the N-V axes of the
ensemble are accurately determined by datasets of ODMR
measurements while scanning a controlled static field in
three planes of rotation, and a matrix is obtained for the
transformation from the four-element vector in the N-V
frame to the 3D vector in laboratory coordinates.

Active field control using coils, as opposed to a field
bias with permanent magnets, allows versatile vectormag-
netometry in the full solid angle. We demonstrate the
measurement of static fields with a high dynamic range
by sweeping the microwave frequency and then using a
small bias field to unambiguously assign the resonances to
the N-V axes of the ensemble. By the vector addition of
the bias field and the external field, certain dead zones that
arise from the overlap of resonances due to the geometry
of the diamond crystal lattice can be resolved. Moreover,
using a high bias field of several milliteslas enables mea-
surements of ac signals with a limited dynamic range by
detecting small changes in the magnetic field along the four
N-V axes. As an outlook, separating the detection chan-
nels in the frequency domain for parallel readout would
enhance the acquisition time and enable 3D measurements
of arbitrarily shaped signals. Potential applications of the
fiber sensor presented could include power monitoring
and efficiency enhancement in electric motors, wind tur-
bines, transformers, or photovoltaic inverters by providing
precise measurements of vector magnetic fields within nar-
row gaps, thus contributing to advancements in the energy
transition.

For the sensor presented, we estimate a shot-noise-
limited magnetic sensitivity of 19.4 nT/Hz1/2 with a sensor
cross section below 1 mm2 and a spatial resolution of
15 µm. A limiting factor is the detected count rate and
laser heating of the diamond which can be improved by
matching the diamond size to the core diameter of the opti-
cal fiber, increasing the fiber NA or by using additional
optical elements to increase the pumping efficiency as well
as the fluorescence collection efficiency. Further improve-
ments in terms of sensitivity include the optimization of the
purity of diamond samples, which would lead to a reduced
linewidth at comparable microwave powers.
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APPENDIX A: ZEEMAN SHIFT OF THE
ELECTRON SPIN LEVELS

In this appendix, we describe the behavior of the res-
onance frequencies f± in order to derive an expression
used for the evaluation of the measurements. The con-
tents of this section are closely adapted from Ref. [45].
The approximate eigenstates of the ground state spin-
Hamiltonian, expressed as frequencies, are

f± = D + (γB⊥)2

D
± ξ

√
(γB‖)2 + E2 (A1)

with the dimensionless correction factor

ξ =
√

1 + γ 4B4
⊥

4D2(γ 2B2
‖ + E2)

,

where D is the zero-field splitting parameter, γ is the
gyromagnetic ratio, B‖ and B⊥ are the axial and nonax-
ial magnetic fields and E is the nonaxial electric-strain
field parameter. The axial electric-strain field parameter
E‖ is included in D as in D = D′ + E‖, since in our
experiments D is temperature shifted and therefore must
be calibrated as the effective zero-field splitting parame-
ter D. Furthermore, a term in ξ is omitted that includes
the expression cos(2φB + φE) where, in a local coor-
dinate system in which �ez is directed along the N-V
axes, φB = arctan(Bx/By) and φE = arctan(Ex/Ey) are the
azimuth angles of the nonaxial magnetic and electric-strain
field components. Since the strain in diamond is believed
to arise from local impurities and dislocations [38], we
assume φE to be random for every N-V center in the ensem-
ble which results in (1/n)

∑n
i cos(2φB,i + φE,i) ≈ 0 when

averaged over n N-V centers.

APPENDIX B: EVALUATION OF MAGNETIC
FIELD MAGNITUDE AND FIELD ANGLES

To find field information from ODMR measurements
such as the field magnitude, the field angles in the N-V
frame ϑi, and the field vector in the N-V frame �B first, the
resonance frequencies of NVi must be determined. For this,
the sum of eight Gaussian profiles is fitted to the measured
normalized ODMR data in the form of

G(f ) = 1 −
8∑

i

Cie

(

−4 ln 2
(

f −f±,i
�νi

)2
)

, (B1)
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where C is the ODMR contrast, �ν is the FWHM
linewidth, and f± are the resonance frequencies.

We assume a locally defined coordinate system x′y ′z′ in
the crystal lattice, in which the z axis is oriented along
n̂1 and the y-component of n̂2 is zero. In this coordinate
system, the matrix K′ that transforms �BN-V according to

�B′ = K′ · �BN-V (B2)

is

K′ = 1
3

⎛

⎝
0 2

√
2 −√

2 −√
2

0 0
√

6 −√
6

3 −1 −1 −1

⎞

⎠ . (B3)

The columns of the matrix K′ correspond to the unit-
length N-V axes in vector representation n̂i. This local
coordinate system x′y ′z′ is related to the laboratory coor-
dinate system xyz via the rotation matrix R:

K = R · K′. (B4)

For a given magnetic field vector in spherical coordi-
nates �B = (B0,φ, θ), all eight resonance frequencies f±,i
are calculated from Eq. (A1). Here, the axial field com-
ponent B‖,i and the nonaxial field component B⊥,i for each
N-V axis NVi are calculated via B‖,i = B0 cosϑi and B⊥,i =
B0 sinϑi, where cosϑi = (n̂i · �B)/B0. With the constants
of the N-V ground state D, E, and γ , we can optimize
the parameters B0, φ, and θ of the resulting expression
f±,i(B0,φ, θ) to the resonance frequencies derived from the
fit of the Gaussians to the measured data to determine �B.
Note that D has to be calibrated for a given laser power as
it shifts with temperature [44] and E is calibrated once for
the diamond microcrystal, as it depends on the local crystal
strain [46]. For optimization, either nonlinear least-squares
fitting or minimization of the root-mean-square error with
dual annealing [47] is used, where the latter seemed to
perform better with discontinuous functions.

However, if the transformation matrix R is unknown, the
resulting vector �B is defined in x̂′ŷ ′ẑ′ and only the magnetic
magnitude B0 as well as the angles ϑi relative to n̂i can be
derived from this vector, where the angles ϑi are shuffled
randomly when the resonance frequencies are not assigned
to the N-V axes in the right order. Also, the polarity of �B′
remains unresolved.

APPENDIX C: FINDING THE ROTATION MATRIX
FROM ODMR IN PLANES OF ROTATION

To describe the behavior of the resonance frequencies
while rotating the magnetic field vector �B in a plane of rota-
tion, we need to parameterize Eq. (A1) with the rotation
angle φ.

Exemplary for a rotation of �B in the x-y plane, the
magnetic field vector is

�B =
⎛

⎝
B0 cosφ
B0 sinφ

0

⎞

⎠ . (C1)

For a given N-V axes n̂, the axial component B‖ and the
nonaxial component B⊥ are

B‖(φ) = n̂ · �B = B0(nx cosφ + ny sinφ) (C2)

and

B⊥(φ) =
√

B2
0 − B2

‖ = B0

√
1 − (nx cosφ + ny sinφ)2,

(C3)

where nx and ny are the x- and y-component of n̂. The term
(nx cosφ + ny sinφ) will be referred to as nij (φ), where i
and j are the in-plane components of n̂.

With these expressions, according to (A1) the resonance
frequencies for a rotation in the i-j plane are given by

f±(φ) = D + (γB0)
2

D
(1 − n2

ij (φ))

± ξ

√(
γB0nij (φ)

)2 + E2, (C4)

where

ξ =
√√√√√1 + γ 4B4

0(1 − n2
ij (φ))

2

4D2
[(
γB0nij (φ)

)2 + E2
] .

In this representation, all parameters are known except
nij , which are the in-plane components of n̂. Thus, doing
the measurements in different rotation planes, namely the
x-y, x-z and y-z planes, the complete vector n̂ can be
determined.

To fit Eq. (C4) to the measured data, a sum of eight
Gaussians is fitted to the data via nonlinear optimization as
described in Appendix B to extract the resonance frequen-
cies. The result is a N × 8 array of resonance frequencies
where N is the number of rotation angles in the dataset,
making it nontrivial to fit a model function in the form of
f± = f (φ) to the data.

Hence, we employ an algorithm that is very sim-
ilar to Dijkstra’s path finding [48]. First, all reso-
nance frequencies are reshaped to a point set with the
point coordinates p = (x, y) = (φ, f±). Secondly, from
a starting point p0 = (x0, y0), weights are assigned
to all points with y > y0 based on their Euclidean
distance d1 =

√
(x − x0)2 + (y − y0)2 to p0 and their

distance d2 =
√
(x − x0)2 + (f (x)− y0)2 to a model
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function f (x). The weight of each point is wp =√(
c1min(d1)/d1,p

)2 + (
c2 min(d2)/d2,p

)2, where min(d1)

and min(d2) is the minimum of the resulting values for
all points. The highest weighted point is appended to the
path and will be treated as p0 in the next iteration. The
constants c1 and c2 are used to fine-tune the performance
of the algorithm. In our experiments, for units of radians
for the rotation angle and megahertz for the frequency,
c1 = c2 showed good results. Because of computational
cost, we use a model function f (x) = a + b| sin(x − c)| for
the algorithm, which closely resembles Eq. (C4) but is less
complex. The parameters of this model function are fitted
to the existing path after each iteration of this algorithm.
By setting reasonable bounds to the parameters a, b and c
for the fit and repeating the algorithms for different starting
points, we are able to find eight distinct paths through the
point set corresponding to the |mS = ±1〉 spin transitions
for each of the four N-V symmetry axes.

Thirdly, Eq. (C4) is fitted to each path, and we directly
obtain the in-plane components of n̂i from the fit (e.g., nx
and ny for rotation in the x-y plane). The results of this fit
are depicted in the main text in Fig. 4(a) as red dotted lines.
The out-of-plane component (e.g., nz for rotation in the x-y
plane) can be retrieved from the in-plane components and
the unit-length nature of the vector; however, in our exper-
iments, the out-of-plane component has a notably higher
standard deviation than the in-plane components, which is
why it is set to zero. Consequently, from rotation of �B in
the three planes, we obtain a total of 24 vectors, two for
the |mS = ±1〉 spin transitions for each of the four N-V
symmetry axes.

Lastly, we define a rotation matrix R = Rx(χ)Ry(ψ)

Rz(ω) where Rx(A) (Ry(B), Rz(�)) is a rotation around �ex
(�ey , �ez) with an angle of χ (ψ , ω). This matrix R trans-
forms the local coordinate system x′y ′z′ relative to the
crystal lattice to the laboratory coordinate system xyz, as
defined in Eq. (B3). To find the angles χ , ψ , and ω, we
multiply the matrices according to (B4) and treat these vec-
tors as predictions, while treating the vectors given by the
fit as observables. By minimizing the quadratic mean of
the residuals of each vector component (root-mean-square
error) with dual annealing [47], the angles χ , ψ , and ω of
the rotation matrix R are derived.

APPENDIX D: OVERLAP OF THE RESONANCES

The overlap of the resonances originates from equal field
projections along the four N-V axes |B1| = |B2| = |B3| =
|B4|. This condition is met only when �B lies in the plane
spanned by two N-V axes, while simultaneously lying in
the perpendicular plane spanned by the other two N-V
axes. In this configuration, two components of �BN-V, cor-
responding to those spanning one of the planes, must be
negative. This problem is a permutation with repetition and

FIG. 9. All cases of �B (gray) where the projections of �B onto
the N-V axes (colored) are equal. The resonance frequencies of
the |mS = +1〉 spin states, associated with NVi, are depicted on
the left and right with varying values the magnitude of �Bbias =
−Bbias�ez and B = 6 mT. The resonance frequencies show distinct
behavior for each of the six cases of �B.

we can find the amount of possible vectors �B by calcu-
lating 4!/(2! · 2!) = 6. The vectors are depicted in Fig. 9,
along with the expected frequencies of the |mS = 0〉 →
|mS = +1〉 spin transitions when applying a bias field
antiparallel to the z axis. These exhibit a distinct behav-
ior, which is due to the vector addition of �B + �Bbias giving
different results for different �B. When comparing Fig. 9 to
the measurement in the main text (Fig. 6), it is evident that
the vector �Ba was applied in the experiment.

[1] J.-P. Tetienne, T. Hingant, J.-V. Kim, L. Herrera Diez,
J.-P. Adam, K. Garcia, J.-F. Roch, S. Rohart, A. Thiav-
ille, D. Ravelosona, and V. Jacques, Nanoscale imaging and
control of domain-wall hopping with a nitrogen-vacancy
center microscope, Science 344, 1366 (2014).

[2] G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nanometre-scale
thermometry in a living cell, Nature 500, 54 (2013).

[3] G. Wang, Y.-X. Liu, Y. Zhu, and P. Cappellaro, Nanoscale
vector AC magnetometry with a single nitrogen-vacancy
center in diamond, Nano Lett. 21, 5143 (2021).

[4] J. M. Schloss, J. F. Barry, M. J. Turner, and R. L.
Walsworth, Simultaneous broadband vector magnetometry
using solid-state spins, Phys. Rev. Appl. 10, 034044 (2018).

[5] L. Shao, R. Liu, M. Zhang, A. V. Shneidman, X. Audier,
M. Markham, H. Dhillon, D. J. Twitchen, Y.-F. Xiao, and
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