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Abstract: Diamonds containing the negatively charged nitrogen-vacancy centre are a promising
system for room-temperature magnetometry. The combination of nano- and micro-diamond
particles with optical fibres provides an option for deploying nitrogen-vacancy magnetometers
in harsh and challenging environments. Here we numerically explore the coupling efficiency
from nitrogen-vacancy centres within a diamond doped at the core/clad interface across a range
of commercially available fibre types so as to inform the design process for a diamond in fibre
magnetometers. We determine coupling efficiencies from nitrogen-vacancy centres to the guided
modes of a step-index fibre and predict the optically detected magnetic resonance (ODMR)
generated by a ensemble of four nitrogen-vacancy centres in this hybrid fibre system. Our results
show that the coupling efficiency is enhanced with a high refractive index difference between
the fibre core and cladding and depends on the radial position of the nitrogen-vacancy centres
in the fibre core. Our ODMR simulations show that due to the preferential coupling of the
nitrogen-vacancy emission to the fibre guided modes, certain magnetometry features such as
ODMR contrast can be enhanced and lead to improved sensitivity in such diamond-fibre systems,
relative to conventional diamond only ensemble geometries.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The negatively-charged nitrogen-vacancy (NV) color centre in diamond has created entirely
new opportunities for ultra-sensitive nanoscale magnetometry [1]. The key advantage of
NV:diamond include nanoscale operating environment, biocompatibility and optical readout with
high photostability. Collecting emission from either individual NV centres, or NV ensembles
remains a critical issue limiting performance, and this often restricts NV magnetometry to
laboratory-based environments, especially those where the biocompatibility of diamond can be
used to greatest effect [1–3].

Motivated by a desire to apply NV sensor technology beyond the laboratory, there has been
considerable effort in exploring the combination of NV centres with optical fibres. Early work
considered attaching [4–6] or growing NV centres [7] to fibre end facet. More scalable approaches
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include dip coating onto tapered fibre regions [8], or the use of in-fibre microfluidics to position
diamond microparticles within the fibre core [2]. An alternative approach is to create hybrid
diamond glass structures. Previous studies involved the embedding of diamond nanoparticles
in soft tellurite glass [9,10]. This approach was successful in incorporating NV into optical
fibre structures, but suffered from the problem that tellurite is a non-standard glass with poor
mechanical properties. More recently diamond microparticles have been incorporated at the
interface between the inner and outer regions of a robust lead silicate fibre by coating a cane with
micro-diamond particles, then inserting this into a tube and drawing down into hybrid diamond
fibre [11]. Similar technology could be applied to step-index fibre fabrication with the diamond
particles at the core/clad interface.

Here we show detailed modelling that combines the coupling efficiencies expected for
interface-doped NV nanoparticles as a function of core/clad properties with predictions of
geometry-dependent ODMR contrast. Such modelling is necessary to optimise sensing in
fibre-based architectures. Our modelling shows strong variation in the coupling efficiency as a
function of core diameter, core/clad refractive index difference, position of the NV emitter relative
to the interface, and NV crystallographic orientation. We find the preferential coupling from
particular NV orientations into the guided modes of the fibres, with the relative couplings varying
with the fibre parameters. When applied to NV magnetometry, we find that the preferential
coupling changes the optically detected magnetic resonance (ODMR) contrast and limit of
detection relative to what is expected for isotropic media, and this has implications for the use of
NV:fibre magnetometers.

This paper is organised as follows: we begin by explaining the fibre systems we are considering,
and the fundamental modelling methodology. We next explore the effects of core diameter
and core/clad refractive index difference on the coupling efficiencies for the components of the
NV orientations across our fibre types. Next, we consider the coupling with regards to relative
position of the NV emitter to the core/clad interface. Finally we combine our modelling of the
coupling efficiencies with predictions of ODMR signal expected through the guided modes of
particular NV:fibre geometries, and analyze the ODMR limit of detection in the hybrid fibre.

2. Method

In this study we assume the nanodiamond particle size is infinitely small for simplicity and
assume an ideal NV emitter existing in the hybrid fibre system. Strictly speaking, an NV centre
consists of two linear dipoles in the plane perpendicular to the NV axis [12–14]. However, these
two dipoles are incoherent with each other and any resultant fluorescence can be described as
a superposition of the three dipole orientations in Fig. 1(b) [15]. Therefore, we treat the NV
centre as an electric dipole, with the dipole moment orientation parallel to the nitrogen-vacancy
axis. The fibre system is a typical step-index fibre with high-index glass as the core material
and low-index glass as the cladding. In this study, we have ignored the role of the diamond
refractive index in scattering. This approximation is effectively equivalent to considering the
limit of an infinitesimally small nanoparticle. This allows us to combine two analytical models:
the coupling of the NV centre emission into guided modes of a fibre and the ODMR spectrum
into a model that describes qualitatively the performance of NV-fibre system for magnetometry.
As the nanodiamond size becomes non-negligible (from around 100 nm to 1 µm), the effect of the
refractive index mismatch will become larger, which will require more sophisticated numerical
treatments than are used here [15].

2.1. Modelling the dipole-fibre coupling

We start the study with the effect of the core size on coupling, concentrating on the range 0-10
µm, which is the standard fibre size in step-index fibre fabrication. We select three types of
commercial available lead-silicate glass, LLF1 glass (n = 1.54), F2 glass(n = 1.62), SF57 glass
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Fig. 1. (a) The schematic of a diamond NV centre in a step-index fibre. The blue and
grey cylinders show the step-index fibre structure, and the NV centre is located at the
core/clad interface. Blue arrows indicate the external magnetic field applied to the system.
(b) Cylindrical coordinates in the fibre system. Cross sections of the fibre showing radial r
-oriented, azimuthal θ-oriented, and longitudinal z-oriented dipoles. The three orthogonal
r−, θ−, z− orientations in our simulation act as the superpositions of the four orientations of
colour centres in a single diamond particle. (c) The schematic of changing the dipole radial
position. The fibre centre and the core/clad interface are marked with the normalized radial
position ρ = 0 and ρ = 1, respectively.

(n = 1.83) as the fibre materials, which differ substantially in their refractive indices while
having similar softening temperatures. This promises fabrication of core/clad fibers with a wide
range of index contrasts of 0.08 for F2/LLF1, 0.21 for SF57/F2, and 0.29 for SF57/LLF1 for
verification of the modeling in the future. Besides its high transparency and robustness, the
relatively low softening temperature (<700 °C) of lead-silicate glass is desirable to avoid damage
to the NV either through diamond combustion, which occurs at 700 °C, or through annealing
of NV centres at temperatures greater than 1000 °C [16]. During the interface doping process
the highest temperature diamond is exposed to is the fibre drawing temperature, and the low
softening temperature of these glasses make sure that the drawing is done at <700 °C, which is
below the onset of NV centre annealing.

We use a similar calculation procedure in our previous studies [17,18] with in-house MATLAB
code (available upon request) to build the model. To model the dipole-fibre system, a dipole is
located at the core/clad interface of a step-index fibre. The dipole moment is p0 and position
r0 = [r, θ, z] oscillating with a frequency ω. The fibre is modelled as a cylinder core with
refractive index nco surrounded by an infinite cladding with refractive index ncl. The total guided
electric field of the dipole-fibre system can be written as the sum of a series of discrete modes
[17]:

E =
∑︂

j
aj(z)eje−iβjz + a−j(z)e−jeiβ−jz (1)

where β is the mode propagation constant, e is the mode electric field expression, and a is the
mode coefficient, for the jth mode of the fibre ( kncl<βj<knco, with −j denoting a backward
propagating mode).
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We use the reciprocity theorem to solve aj [17,19]. The total dipole emission power coupled
into the forward guided modes is calculated by summing the power Pj captured by each mode

Ptotal =
∑︂

j
Pj, j = 1, 2, 3 · · · (2a)

|aj |
2 =

ω2

16N2
j
|e∗j (r0) · P(r0)|

2 (2b)

where Pj = |aj |
2Nj, aj is the mode coupling coefficient and Nj is a normalisation term. We

define the coupling efficiency or coupling fraction of a forward guided mode as Pj/Pair, in which
Pair = µ0P0ω

4/12πc is the total emitted power by the dipole in air. Note that this definition
indicates the amount of power coupled to a mode of a step index fibre relative to the total power
radiated in an unstructured isotropic material, the air. In the fibre core, the power captured by the
forward and backward guided modes is the same, so the power measured in one fibre port is the
same as the other port [20].

Fig. 1(a) illustrates the NV orientation with respect to the core/clad fibre geometry. Three
orthogonal directions defined by the fibre geometry in Fig. 1(b), radial r -oriented, azimuthal
θ-oriented, and longitudinal z-oriented are considered as their coupling to the fibre depends on
orientation. The dipole emission wavelength is set at 700 nm, which is close to the maximum of
the NV centre spectral emission [21].

2.2. Modelling the ODMR signal

The dipole-fibre system described in the previous section impacts the ODMR signal of an
ensemble of NV centres. Because of the preferential coupling, the ODMR signal from the
NV-fibre system would be different from the diamond in a homogeneous environment. The
diamond:fibre system we study for modelling the ODMR sensing is described in Fig. 1(a). We
consider an ensemble of NVs at the core/clad interface of the F2/LLF1 fibre with a 1 µm core.
To illustrate the effect of the fibre geometry on the ODMR signal we consider one particular
configuration, namely that with one NV orientation along the r−axis, a second NV on the
rθ−plane, and all others fixed by the sp3 structure of the diamond lattice, as shown in Fig. 6(a).
The directions of the NV axes are converted to the cylindrical system of r, θ, z by applying
appropriate transformations from the Cartesian coordinate.

The typical ODMR spectrum is characterised by multiple Lorentzian dips subtracted from a
constant emission intensity, representing the emission of the unperturbed off-resonant NV centre.
The frequency at which the dips appear depends on the strength of the magnetic field applied
to the NV centre and how the magnetic field vector projects onto the NV axis. We can predict
the resonant frequencies by solving the ground state Hamiltonian of the NV centre reported in
Eq. (2):[22]

Hgs = DgS2
z +

gNVµB
h

B · S (3)

where Dg = 2.87 GHz is the NV ground state zero field splitting, µB is the Bohr magneton,
gNV = 2.0023 is the g-factor of the NV centre, h is Planck’s constant, and B and S are the
external magnetic field and spin vectors, respectively. The magnetic field component aligned to
the symmetry axis of the NV centre contributes to the splitting of the |±1⟩ states by the Zeeman
effect, generating two ODMR dips for each NV centre orientation.

By diagonalizing and solving the eigenvalue of the Hamiltonian matrix in Eq. (3) we can
get the eigen-energies of the NV centre states and then calculate the position of the resonant
frequencies. We model the ODMR spectrum generated by one NV centre as two Lorentzian
curves with fixed full-width half-maximum (FWHM). Here we assume the coupling has little
effect on the FWHM of the ODMR signal. We choose a constant FWHM of 5 MHz, based on
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common experimental parameters for NV centre ensembles at room temperature [1,23,24]. Once
we generated the ODMR signal of a single NV centre, we map its dipole moment to the fibre
system and calculate the dipole emission using the coupling model described above. The dipole
emission of each orientation acts as the off-resonant emission intensity for the ODMR signal of
the corresponding dipole.

In a single diamond crystal, there are four possible orientations for the NV centres within the
diamond crystallographic structure. We assume that for ensemble sensing applications, each
diamond particle embedded within a fibre has a significant number of NV centres, such that
they are approximately equally distributed among all four possible orientations. The exact total
number of NV centres in a diamond particle depends on the diamond fabrication parameters and
post-fabrication processing. However, all NV centres with the same orientation have the same
emission dipole and ODMR signature, with their exact number only contributing as a constant
multiplicative factor. The multiplicative factor does not impact our simulation since the ODMR
signal is normalized by the off-resonant intensity. Therefore, with the assumption of evenly
distributed orientations, we simulated the total ODMR signal as the sum of the 4 independent
dipoles corresponding to each possible NV orientation.

3. Results

3.1. r−, θ−, z-orientation NV coupling in three fibre types

Following our recent cane-in-tube fabrication technique for diamond hybrid fibres [6], we first
study the power captured by the fibre when the NV dipole is located at the core/clad interface of
the fibre. For the three fibre types with index contrasts of 0.08 for F2/LLF1, 0.21 for SF57/F2,
and 0.29 for SF57/LLF1, we calculate the dipole power captured by the guided modes in the
fibre core Pguided, as a function of core diameter. Fig. 2 shows the power coupling to fibre guided
modes for a range of fibre core sizes 0-10 µm.

To show the effect of the fibre core/clad structure on coupling efficiency, the captured power of
fibre guided modes is normalised with the dipole emitting power in air Pguided/Pair. For all three
fibre types, the coupled power is typically greater for the radially r− and azimuthally θ− oriented
dipole components, while the coupling for the longitudinally z− oriented dipole component is
approximately one order of magnitude lower than the other two orientations. Comparing the
results of the three fibre-types, we find that dipole in SF57/LLF1 fibre, which has the highest
refractive index contrast, shows the strongest coupling for each orientation. For r-oriented dipole,
the fibre-dipole power capture is increased by a factor of 4 from low index difference fibre,
F2/LLF1 fibre (average coupling fraction 3% for blue curve in Fig. 2(a)), to high index difference
fibre, SF57/LLF1 fibre (average coupling fraction 12% for blue curve in Fig. 2(c)).

Different coupling features can be observed from the curves with regard to small and large core
sizes. Because the emission rate can change dramatically for an emitter near an interface [18],
for the small core diameter clear oscillation patterns are revealed from the the 0-3µm region (left
of the dashed lines) in Fig. 2(a)-(c); the oscillation peak separation increases with the decrease
of core/clad index difference. For the relatively large fibre core sizes above 3µm region (right
of the dashed lines in Fig. 2(a)-(c)), coupling does not change significantly when the core size
increases. Fibres with large core sizes intrinsically support more higher-order modes, but the
power carried by each higher-order mode is small so the total captured power stays relatively
steady. Additionally, the coupling differences among r, θ, z increase with the increase of index
difference. Black dashed lines at 3 µm indicate the transition from the oscillatory region to
relatively stable region.
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Fig. 2. Normalized dipole power coupling fractions Pguided/Pair into guided modes of (a)
F2/LLF1 fibre, (b) SF57/F2 fibre, (c) SF57/LLF1 fibre versus fibre core diameter. Blue,
red, yellow curves represent r−, θ−, z−oriented dipole, respectively. Black dashed lines at
3 µm indicate the transition from the oscillatory region to relatively stable region. (d) Power
coupled to guided mode vs. core/clad index difference, with fixed core diameter of 5 µm and
refractive index of 1.83 for SF57 glass. The coupling efficiency increases with the increasing
core/clad refractive index difference, and the differences between the three oriented dipole
coupling become more significant.

3.2. Coupling vs. fibre core/clad index difference

Based on the results previously described, we investigate the power coupling against the refractive
index difference of the fibre core and cladding. The fibre is fixed at a core size of 5 µm and
the core refractive index is kept at 1.83, the highest refractive index of the three lead-silicate
glass. We run the calculation by changing the cladding refractive index and observing the change
in the coupling efficiency. As Fig. 2(d) shows, as the refractive index difference increases, the
coupled power increases, and the difference between r−, θ and z -oriented dipole coupling
becomes significant. Our results indicate that high index difference of fibre core/clad is generally
favourable for achieving high coupling efficiency from the dipole to the fibre, which is in keeping
with previous results on air-clad fibres [17].

3.3. Coupling vs. NV position along radial-direction

Besides the mentioned interface dipole coupling, to further understand the influence of NV
position on fibre power capture, we also investigate the coupling with different dipole radial
positions using the F2/LLF1 fibre (nco = 1.62, ncl = 1.54) as an example. We varied the location
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of the dipole radially by moving it from the fibre core centre to the fibre cladding area, as shown
in Fig. 1(c). The normalised dipole position ρ is defined as the dipole radial position normalized
by the fibre core radius, ρ = rdipole/rcore. The core centre is at the origin, and ρ < 1 indicates that
the NV centre is inside the fibre core. Fig. 3 presents the coupling from the r−, θ−, z−oriented
dipole, respectively, with regards to dipole radial position and core diameter. As expected, radial
and azimuthal orientated dipoles show stronger coupling than the longitudinal orientated dipole.
The bright yellow bands, which are highlighted with black dash lines in Fig. 3(a)-(c), indicate
the maximum coupling under different fibre core sizes. With increasing core size, the optimal
dipole position approaches the interface from the core side. When the core size is < 2 µm, the
maximum coupling occurs when the dipole is located in the central region of the fibre core (with
approx. ρ<0.8). When the core size is 2 µm, the maximum coupling occurs when the dipole is
positioned near the core/clad interface (at a location slightly smaller than the core radius, i.e. at
ρ = 0.8 − 0.9 for the r− and θ−oriented dipole), but not exactly on the interface.

Fig. 3. Normalized power captured by fibre guided modes Pguided/Pair versus dipole radial
positions and also a range of core diameters for r− (a), θ− (b) and z− (c) orientated dipoles,
with x-axis as dipole position, y-axis as fibre core size . The fibre configuration is F2/LLF1
(nco/ncl: 1.62/1.54). The black dash lines on each plot indicate the region of maximum
coupling to the fibre guided modes.

It is interesting to find that for small core sizes, about < 2 µm, the coupling power decreases
monotonically with the dipole position moving away from the core centre, and the maximum
coupling usually happens when the dipole locates in the central region. However, the situation is
different for core sizes > 2 µm. For large core size (> 2 µm) the coupling power stays relatively
steady as long as the dipole is inside the core region, generating the maximum coupling when the
dipole is near the interface and the coupling starts to decrease only when the dipole reaches the
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core/clad interface. Furthermore, the coupling drops off exponentially when the dipole is outside
of the core region corresponding to the evanescent wing.

To analyze the optimal dipole position, Fig. 4 presents the power into guided modes at different
dipole locations. Take the r−oriented dipole as an example, using a core size of 2 µm, the dipole
positioned at the core centre achieved the highest coupling, while with a core size of 3 µm the
dipole with highest coupling is located near the interface. The curves show the coupling power
for each individual guided mode.

Fig. 4. Coupling fraction of Pguided/Pair for all modes supported within a fibre core size
of (a) 2 µm and (b) 3 µm for an r-oriented dipole. Modes decomposition for (a) 2 µm and
(b) 3 µm diameter cores for comparison (F2/LLF1, nco/ncl: 1.62/1.54). The dashed lines
show the core/clad interface position separating the core and cladding areas, and the optimal
dipole coupling positions are indicated by arrows, in fibre core centre of (a) and near the
interface of (b). The total guided mode power (blue bars) is decomposed into individual
mode power shown by the colored solid lines.

The observed results relate to the density of states in a fibre core. In the fibre core the low-order
modes have energy in the central area, e.g. the fundamental mode or the 2nd order modes;
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whereas higher-order modes usually have small E field strength in the central area and energy
mostly concentrate in the edge area of the core. Only limited guided modes can be supported
by small size fibre core, so when the core size is small the dipole power can only realize field
overlap with few low order modes to easily couple into. When the dipole locates at the edge area
of the fibre core, the dipole field is more likely to overlap with higher-order modes. Though
the fundamental mode and 2nd order modes have relative high energy compare with individual
higher-order mode, the total power of all the higher-order modes can still reach a higher value, as
the black arrows indicating in Fig. 4. For large core size like 10 µm, the total number of guided
modes excited by the interface dipole could be more than 100 at 700 nm. But usually higher-order
modes occupy a small fraction of the total fibre captured power from a dipole, so increasing the
core size would not make the maximum coupling change significantly.

3.4. ODMR simulation for a ensemble of NVs in a fibre

Figure 5 compares the ODMR spectra from an NV ensemble at the fibre core/clad interface
(blue) with the ODMR spectra from the same NV ensemble in air without fibre (red). In this
simulation the coupling power only changes the ODMR off-resonant intensity, and the ODMR
pattern is determined by the relative angle between the external magnetic field B and the NV
ensemble orientation. Several magnetic field directions are studied here, with direction along
r, θ, z respectively (Fig. 5(a)-(c)) and the one with all three components [3, 3, 2] (Fig. 5(d)). In
Fig. 5(d) we set the external magnetic field such that its vector is not perpendicular to any of the
possible NV orientations. The ODMR signal as a function of magnetic field shows the Zeeman
effect of the unpaired electronic spins of the NV centre. As shown in Eq. (3), each NV centre has
a spin 1 ground state manifold with zero field splitting of approximately 2.87 GHz, and hence
contributes two dips to the ODMR spectrum, for the |0⟩ to |+1⟩ and |0⟩ to |−1⟩ transitions. Each
distinct NV orientation in a single nanodiamond particle generates 2 resonant frequencies, for a
total of eight distinguishable dips when modelling the full ensemble of NV centres [1].

For a ensemble of NV centres, the ODMR contrast would change because of different coupling
in r, θ, z directions, compare with ensemble NVs in single crystal diamond. This contrast with
the largest ODMR dip is calculated. At certain magnetic field direction e.g [0, 0, 1] for this
NV ensemble orientation, the fibre modifies the contrast to 11%, compare with 8% in no fibre
scenario. The fibre couples most of the dipole power into r and θ directions and suppresses the
z- direction, therefore when the largest dip is generated mainly by r and θ components from
ensemble NVs under certain B field directions, the contrast would increase, enhancing certain
features relative to others.

We also explore ODMRs from different NV ensembles. ODMRs in Fig. 6(c) are generated by
two differently orientated ensembles of NV centres core/clad-doped in an F2/LLF1 fibre under
the B field direction (r, θ, z) [3,4,2]. Based on the relative angles between the fixed magnetic field
vector and the dipoles of each ensemble, we can see up to eight dips in the spectra, indicating all
four NV orientations considered in the simulation. The ensemble of NVs in Fig. 6(a) has the
same orientation as Fig. 1(a), which is defined in detail in Section 2.2, and Fig. 6(b) orientation
is obtained by rotating the full tetrahedron in Fig. 6(a) around the θ-axis by an azimuthal angle
arccos 1√

3
and then around the r-axis by a polar angle π/4. The contrast generated by Fig. 6(a) is

high because the ensemble orientation is more aligned with the external magnetic field.

3.5. ODMR contrast analysis for three fibre types

Based on the different ratio of r, θ, z coupling in the three lead-silicate fibres, we compare the
ODMR contrasts from the three fibres systems. We calculate ratio of r, θ, z coupling fraction
in Fig. 2(a-c), and Table 1 presents the maximum ODMR contrasts for three fibres F2/LLF1,
SF57/F2 and SF57/LLF1 with core size 1 µm, with the magnetic field direction along the r axis
and contrasts 5.026%, 4.96%, 5.008%. The ODMR contrast depends on the power ratio of the
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Fig. 5. Simulated ODMR signals generated by a ensemble of four NVs in a F2/LLF1 fibre
under different magnetic fields. The B direction is along (a)r, (b) θ, (c) z axis, and (d) with
all three components [3, 3, 2]. (a)-(c) B strength 2.1 mT, (d) B strength 4.2 mT to separate
eight dips.

three orthogonal orientations r, θ, z. The difference is subtle because of the similar coupling
ratios among r, θ, z in these three fibre types.

Table 1. The ratio of r , θ, z coupling fraction and the ODMR
contrast in three fibres.

Fibre type r θ z ODMR contrast

F2/LLF1 (1.62/1.54) 0.5063 0.4623 0.0314 5.026%

SF57/LLF1 (1.83/1.54) 0.5068 0.3978 0.0953 4.96%

SF457/F2 (1.83/1.62) 0.5069 0.4214 0.0717 5.008%

3.6. ODMR limit of detection vs. core/clad index difference

Next we explore the effect of core/clad index difference on ODMR limit of detection under
different magnetic field directions. Based on the ODMR sensitivity η determined in [9]

η =
4hδ

3
√

3gNVµBC
√

N
(4)
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Fig. 6. (a)-(b) Coordinates in the fibre of two differently orientated ensembles of NV centres,
respectively. (c) The simulated ODMR signals from the NV ensemble 1 in (a) (blue) and
the NV ensemble 2 in (b) (yellow) core/clad-doped in a F2/LLF1 fibre under the B field
direction (r, θ, z) [3,4,2] and strength 2.1 mT.

where δ is the FWHM of the ODMR peak, C is the ODMR contrast, gNV is the g-factor of the
NV centre and µB is the Bohr magneton. N is the number of photons per second detected at the
output end of the fiber.

We use here the limit of detection which is defined as a relative value normalized to the ODMR
sensitivity of the same diamond structure in air surrounding, ηrelative = ηfibre/ηair, to highlight the
effect of the fibre. The results are shown in Fig. 7 in log scale with the magnetic field directions
corresponding to Fig. 5 sub-figures. When ηrelative<100, the diamond:fibre system shows limit of
detection improvement comparing with the ensemble of four NVs in air. The results indicate that
the limit of detection increases with the increased core/clad index difference. From Fig. 7(b)-(d)
it can be seen that with large enough core/clad index difference, e.g. when fibre core is 2µm with
the core/clad index >0.8 at certain B field direction [0,1,0] and [3,3,2], the value of ηrelative can
reach <0.59. Since the ODMR sensitivity η in Eq. (4) is in the unit T/

√
Hz and its value showing

the minimal magnetic field change in detection, the improvement of the limit of detection can be
measured with 1/ηrelative. By this definition ηrelative value <0.59 indicates that the preferential
coupling of fibre structure could improve the limit of detection to 1.6 times higher than no-fibre
scenario. The limit of detection changes less significantly with core size, considering the coupling
efficiency stays relatively steady when core size is over 3µm.
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Fig. 7. ODMR limit of detection of a ensemble of four NVs in a step-index fibre vs. the
fibre core/clad index configuration, under different magnetic fields. The B direction is along
(a)r, (b) θ, (c) z axis, and (d) with all three components [3, 3, 2]. (a)-(c) B strength 2.1 mT,
(d) B strength 4.2 mT to separate eight dips.

4. Conclusion

In conclusion, we develop a emitter:waveguide model to study the coupling from dipole emissions
into the guided modes of a step-index waveguide and apply this model for NV:diamond - fibre
magnetometry. We find out the preferential coupling effect of the NV:diamond – fibre system and
we investigate the coupling of different dipole orientations for (i) core/clad index contrast, (ii)
core diameter, (iii) radial position of the NV emitters within the core, when radial position goes
from the core centre to the core/clad interface. The study reveals that the coupling fraction of NV
emission is enhanced with high refractive index difference between the fibre core and cladding,
and we find out that the preferential coupling of particular NV dipole orientations increases the
ODMR contrast at some configurations compared with ODMR in free space. Combining the
coupling efficiencies with ODMR signals, the diamond doped step-index fibre system could
lead to an improved magnetometry by enhancing the sensitivity compared with NV centres in
isotropic materials. Our model for the first time connects the NV dipole-in-fibre coupling to the
resulting ODMR sensing properties, and the results provide new perspectives in the design and
fabrication of future NV-in-fibre protocols.
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