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Abstract: Efficient collection of photoluminescence arising from spin dynamics of nitrogen
vacancy (NV) centers in diamond is important for practical applications involving precise
magnetic field or temperature mapping. These goals may be realized by the integration of
nanodiamond particles with optical fibers and volumetric doping of the particles alongside the
fiber core. That approach combines the advantages of robust axial fixation of NV diamonds with
a direct spatial overlap of their fluorescence with the guided mode of the fiber. We developed a
suspended core silicate glass fiber with 750 nm-diameter nanodiamonds located centrally in the
1.5 µm-core cross-section along its axis. The developed fiber probe was tested for its magnetic
sensing performance in optically detected magnetic resonance measurements using a 24 cm-long
fiber sample, with the NV excitation and fluorescence collection from the far ends of the sample
and yielding optical readout contrast of 7% resulting in 0.5 µT·Hz−1/2 magnetic field sensitivity,
two orders of magnitude better than in earlier designs. Thanks to its improved fluorescence
confinement, the developed probe could find application in magnetic sensing over extended fiber
length, magnetic field mapping or gradiometry.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical sensing of magnetic fields can be efficiently realized by exploiting the electron spin
dynamics of negatively charged nitrogen-vacancy centers (NV–) under resonant microwave
excitation [1]. In addition to the basic principle of a magnetic-field sensor with a bulk NV-diamond
placed in a localized instrument, numerous approaches are developed for remote sensing with
optical fibers. Most successful designs utilize ensembles of nano-diamonds [2–4], a single
miniature diamond crystal [5–10] or a single nano-diamond [11–13] attached to the fiber end.
Alternative approaches to remote sensing utilize many nanodiamonds distributed in various ways
along optical fibers [14–20].

Nanodiamonds offer important advantages over bulk diamonds: one being the longer fluores-
cence lifetime of the NV– [21] and the second, most important in the context of this work, that the
NV– centers can be distributed over extended fiber length and uniformly exposed to the magnetic
field. Optical fibers enable thus convenient means of the spatial organization of nanodiamonds
for efficient coupling of NV fluorescence photons to the fiber guided modes. Localization of
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diamond particles inside a solid fiber core enables fixation of their positions inside the fiber
and provides their mechanical and environmental stability. An important practical advantage of
the integration of diamond particles along an optical fiber core is that such fiber probes enable
recording of the magnetic response simultaneously from a surrounding limited by the length of
the fiber probe itself that can exceed dozens of cm. Moreover, the uniform distribution enhances
the read-out contrast (defined as the relative change of the fluorescence intensity at resonance) by
reducing the fluorescence of NV– centers optically excited but not subjected to the magnetic
field [15]. These applications have been demonstrated with fibers functionalized with NV–
nanodiamonds either at the fiber-tip [2,5,11] or a tapered section [3,12,13]. In addition to NVs,
other color centers in diamond, e.g. germanium-vacancy centers [22] have also been exploited in
fiber-tip type sensors for temperature mapping.

However, the introduction of nanodiamonds into the bulk of the fiber core involves drawing of
nanodiamond-functionalized glass preforms, which implies severe temperature processing limits
and narrows the selection range of relevant fiber glasses.

So far, the integration of nanodiamonds with silica was applied to functionalization of fiber
tapers or tips and to the chemical vapor deposition growth of diamond on the fiber end-faces [2].
Bulk doping of diamond particles in the optical fiber core has been realized in tellurite glass
fibers and silicate glass fibers [14,15], both of which can be drawn at several hundred degrees
centigrade, which is still nondestructive for diamonds. Nanodiamonds in the hollow channels of
air-lattice photonic crystal fibers or photonic bandgap air-core fibers have also been demonstrated
but results of magnetic field sensing with such fibers have not been reported [16,17].

The coupling of NV– fluorescence to the guided mode of a fiber may also help to ameliorate
the long-standing problem of low photon-collection efficiency of NV– magnetic field probes.
For example, fluorescence from a single NV– defect in diamond has been coupled to the guided
mode of a single mode fiber from a diamond waveguide fixed directly on the fiber taper with van
der Waals forces, enabling up to 37% collection efficiency [23]. In volumetric functionalization
of fibers with nanodiamonds, enhancement of this efficiency has recently been investigated
theoretically through shaping of the fiber structure and layout of nanodiamond particles in the
core [18]. Physical realizations involved fibers with diamond particles doped randomly to a
tellurite melt drawn into fibers or silicate glass rods, dip-coated with micron-sized particles,
and drawn into fibers with the core area delimited by diamonds arranged into a ring [14,15].
The achieved ODMR readout contrast was 3.5% and 2.5%, respectively, while the diamond
localization around the core of the latter fiber design reduced the propagation loss down to around
4 dB/m. Nanodiamond functionalization of silica fibers alongside the entire core through the
particle deposition from a solvent suspension in cases of the hollow channels, air cores, and
suspended glasscore fibers has also been performed [17].

More recently, we have demonstrated the feasibility of controlling diamond particle layout in a
transverse plane of the core by multiple stacking of hundreds of glass canes drawn from a single
silicate glass rod dip-coated with sub-micron-sized diamond particles [19]. The average diamond-
to-diamond separation in the transverse plane of the core was about 1.5 µm, corresponding to the
final diameter of the stacked canes constituting the core in the drawn fiber. The achieved ODMR
contrast was just over 1% when the NV– fluorescence was collected from the fiber output as the
guided mode and over 5% when collected at the fiber side as its leaky modes.

In this paper, we present the approach to draw a magnetically sensitive optical fiber in which
the diamond particles are localized centrally along with a suspended glass core of a diameter not
exceeding twice the particle size. Specifically, the achieved fiber core diameter is roughly 1.5 µm
against the mean fraction of nanodiamond particles of 750 nm. The proof-of-concept ODMR
implementation involved a 24 cm-long section of the developed fiber subjected to a microwave
(MW) field created by a loop gap antenna structure, which resulted in almost 7% readout contrast.
The fiber showed excellent confinement of the NV– fluorescence in the guided mode which was
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confirmed by imaging of the excited fiber’s side section under a confocal microscope, where
hardly any fluorescence and ODMR contrast could be recorded.

2. Fiber probe development

The choice of glasses that can be used for the fabrication of fibers with embedded nanodiamonds
is severely limited by the temperature of oxidation (600 °C) and graphitization of diamond
particles. In the case described in this paper, two low-melting-point soft silicate glasses were used.
An F2 lead silicate glass made by Schott was selected as the glass used for the nanodiamond-
functionalized fiber core. Its low transition temperature Tg1 = 434 °C, allows the drawing process
to be conducted in temperatures not exceeding 800 °C, which is low enough to limit graphitization
of nanodiamonds if nitrogen atmosphere is used. The F2 glass has a refractive index n1 = 1.6199
at the wavelength of 589.3 nm. For the rest of the fiber bulk, a modified-composition F2-like
glass was melted in-house with the refractive index n2 = 1.6133 at the wavelength of 589.3 nm
and Tg2 = 445 °C [19].

The fiber development process consisted of two stages. The first one was the preparation of
the preform components, which included preparation of the F2 glass tube for dip-coating with
nanodiamonds. The F2 glass tube used for dip-coating had an external diameter dc1 = 3.4 mm and
internal diameter of dc2 = 2.4 mm. The suspension liquid was ethanol and the diamond particle
concentration was 0.05%. The diamond particles used had a mean diameter of around 750 nm
(MDNV1um, Adámas Nanotechnologies), similar to our previous work [19]. The suspension was
introduced inside the glass tube and allowed to dry. This process was repeated 10 times, each time
with careful avoiding wetting of the tube outside, to ensure even coating of nanodiamonds only at
the inside surface of the glass tube. After the final dip-coating, the glass tube was immediately
drawn down to a diameter of dc = 0.3 mm. As with all subsequent drawings, at first, the glass
tube was heated to a temperature of 400 °C in the oxygen atmosphere to remove any remaining
dust particles. Then the fiber drawing was conducted in a temperature range of 710–760 °C, and
in the nitrogen atmosphere to reduce graphitization of diamond particles.

In the second stage of the fiber development, the glass preform was assembled and drawn into
the final fiber. The first step of the preform assembly procedure consisted of selecting a glass
tube with an internal diameter de1 = 16 mm and three glass capillaries with an external diameter
dt2 = 7.4 mm. The capillaries were then placed inside the glass tube forming a triangular shape.
Free spaces between the glass tube and capillaries were filled with rods made of the same low
refractive index glass. Lastly, the previously drawn core capillary with nanodiamonds fused at
the inner surface was inserted in the space among the three capillaries. Next, the preform was
drawn using a standard drawing tower to form a sub-preform with an outer diameter ds = 3.7 mm.
The sub-preform had a fully integrated structure with three holes surrounding a solid glass fiber
core. During this process, the core capillary was collapsed, ensuring that the nanodiamonds
were placed exactly at the center of the fiber core, which was important to reduce the risk of
nanodiamonds protruding beyond the core. Such placement of the diamond particles ensured that
during the drawing the nanodiamonds remained in the exact center of the fiber while the pressure
necessary to prevent clogging of three side-holes in the fiber structure was equalized. This
minimized the risk of structure deformation when drawing the final fiber from the sub-preform.
To achieve the suspended core structure with large holes and thin glass bridges, equal pressure
was applied to the three holes in the sub-preform microstructure. The final fiber diameter was
close to 125 µm. As shown in Fig. 1(a), the thickness of the bridges was approximately 150 -
280 nm, while the core diameter was about 1.5 µm.
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Fig. 1. a) SEM image of the suspended core of the final drawn fiber; b) Standard camera
images of the front of the fiber under 532 nm excitation on a white paper background and the
same image filtered with a red high-pass filter (FEL0600, Thorlabs); c) Image of the front
face recorded with the scanned confocal microscope demonstrating bright NV– fluorescence
inside the fiber.

3. Fiber probe characterization

Basic characterization of the optical properties of the fiber included measurements of the
attenuation and bend-loss and imaging of the nanodiamond fluorescence. The attenuation was
measured using the cut-back method over five consecutive cuts, from 44 cm, down to 17 cm.
The measured fiber loss in the wavelength range of 550-750 nm was 22 dB/m. That high loss
value is assigned to the scattering from diamond particles due to a large mismatch between the
core glass and diamond refractive indices. Due to the strong mode confinement inherent to the
suspended core geometry, the fiber was rather insensitive to bending. The bending losses were
measured for very small bending diameters between 65 mm and 15 mm, at a level of 0.2 dB/loop
and 0.7 dB/loop respectively. Note that due to a tight bending applied in the measurement, these
bending losses reached high values of 14 dB/m and 160 dB/m, respectively. The mode field of
the NV– fluorescence was imaged using a standard camera under the 532 nm continuous wave
laser pumping. The fiber output images recorded without and with filtering out of the pump laser
light, are shown in Fig. 1(b). Finally, the fiber output facet was imaged by a commercial confocal
microscope (Zeiss LSM710) using ten different samples taken evenly from about a 1 m-long
section of the fiber. A representative example of the obtained images is shown in Fig. 1(c) and
confirms the guiding of the NV– fluorescence in all investigated samples.

4. Magnetic field sensing performance of the fiber probe

4.1. Experimental setup description

Having characterized the fiber itself, we investigated its magnetic sensitivity by measuring the
dependence of optically detected magnetic resonance (ODMR) on the magnetic field. The
experimental setup is shown in Fig. 2. The optical readout of the fiber was realized under
excitation by the 532 nm continuous-wave laser (Sprout-G, Lighthouse Photonics Inc.). The
green light was coupled into the fiber with a microscope objective (Motic 40X, NA=0.65). The
NV– light was collected from the far end of the fiber with a microscope objective (Olympus 40×,
NA= 0.75), the 532 nm pump laser background was filtered out using a 600 nm high-pass filter
(FEL0600, Thorlabs), and the NV– fluorescence was detected with a Si avalanche photodetector
(APD130A, Thorlabs). This setup allowed effective fluorescence detection over a wavelength

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Research Article Vol. 30, No. 11 / 23 May 2022 / Optics Express 19577

range of 600–800 nm. To observe the ODMR spectra, a microwave (MW) oscillating field at
the frequency around 2.87 GHz was generated using a signal generator (SRS, SG386) and a
high-power amplifier (Mini-Circuits ZHL-16W-43+) connected to a loop-gap type inductor
(“antenna”) structure on a printed circuit board [4]. One fiber end was passed through the opening
in the center of the antenna loop which allowed the interaction of this fiber section with the MW
field. The fluorescence and ODMR signals were then recorded using an oscilloscope, while
the optical fluorescence spectra of the investigated NV– fiber samples were recorded using a
compact grating spectrometer (AvaSpec-3648-USB2, Avantes).

Fig. 2. Experimental setup for magnetic sensing experiments with the developed fiber.

Additionally, the NV– signals were studied in geometry where the excitation and detection was
carried out from the side of the fiber using a home-built wide-field microscopy set-up with the
MW field delivered through a microstrip-line positioned along with the fiber. The sample was
excited using the 530 nm LED (M530L4, Thorlabs) with optical power around 70 mW passing
through a microscope objective (Olympus 40×, NA=0.60) and illuminating the fiber side. The
emitted red fluorescence light was collected with the same objective, spectrally filtered by the
dichroic mirror and a long-pass filter, and recorded with a CMOS camera (UI-3240CP-NIR,
IDS).

4.2. Optical spectra and ODMR signals

We begin with the discussion of the ODMR signal collection with the fiber operated in the
transmission mode. The fiber is pumped with the 532 nm laser at one end, and the NV–
fluorescence is collected from the far end of the fiber probe. The optical spectra recorded in this
experimental configuration are shown in Fig. 3.

The black trace depicts the spectrum collected from the optical fiber with NV– color center
nanodiamonds. When compared with the reference spectrum from the diamond powder used
in the development of the fiber probe represented by a red trace, the black NV-doped spectrum
exhibits a noticeable fading of its amplitude at longer wavelengths. The recorded signals were
normalized to the intensity at the zero-phonon-line (637 nm) marked with a vertical line. The
inset in Fig. 3 shows a weak background signal (magnified here 1000×) observable in a suspended
core fiber with identical geometry but without any nanodiamonds.

We attribute that signal to Raman scattering of the 532 nm pump laser. Comparing fluorescence
spectra of the nanodiamond functionalized fiber and the standard one with the suspended core, as
well as their relative amplitudes, we observe that the Raman scattering in the developed fiber
probes does not deteriorate their NV– fluorescence-related magnetic sensing functionalities. This
is in agreement with the earlier observations with the silica glass and the solid-core photonic
crystal fibers with nanodiamonds introduced along the core into the fiber’s hollow channels
[16,17].

The sensitivity of the NV– diamond-based sensors is mainly determined by the total detected
photon flux and the ODMR contrast. To characterize the sensing properties of the developed fiber,
we have recorded the continuous-wave ODMR spectra for several values of the magnetic field
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Fig. 3. The optical spectrum of NV– in the developed fiber probe (black trace) against a
reference spectrum of NV– nanodiamond powder used for functionalization of the fiber.
The inset shows a weak background signal recorded in a reference fiber developed without
nanodiamond integration in the suspended core.

intensities (Fig. 4). In zero magnetic field, the ODMR spectrum is similar to those obtained with
bulk diamonds. In non-zero fields, however, the spectra are strongly inhomogeneously broadened
due to random orientations of individual nanodiamond crystals with respect to the magnetic field
direction [4]. Although the orientational inhomogeneity does not permit characterization of
the magnetic field direction, the ODMR measurements with nanodiamond-doped fibers enable
accurate scalar measurements of the field intensity. This is possible because the outer edges of the
resonance correspond to the diamonds with NV– color centers oriented exactly along the direction
of the magnetic field, i.e., those exhibiting the maximum field projection on the NV– axis. The
accuracy of such measurement can be improved by measuring the frequency-differentiated spectra
[4].

Fig. 4. The ODMR spectra collected from the fiber with excitation and detection from
opposite ends of the fiber. Spectra in the non-zero magnetic fields have been vertically offset
for clarity.

The ODMR signal contrast achieved with the pump and the NV– fluorescence coupled and
collected respectively at the opposite ends of the fiber was almost 7%. The corresponding
magnetic field sensitivity can be estimated using the signal slope and the integrated photon flux.
For the analyzed suspended core fiber, the photon shot-noise-limited magnetic sensitivity is
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approximately 0.5 µT/
√

Hz at the bias field of B= 1.5 mT. We note that this performance was
achieved despite considerable attenuation of the fiber and in a “transmission mode”, i.e. in the
“end-end” configuration, and leaves much room for improvements. The obtained sensitivity
is comparable to the 0.65 µT/

√
Hz value reported by the authors of Ref. [15] who used a

nanodiamond ring-core fiber with the side-pumping/collection geometry which reduced to
3 µT/

√
Hz for a 50 cm-long fiber in the longitudinal arrangement. Due to large losses of our fiber

probe, the sample length used in our experiments was roughly two times shorter than in Ref. [15].
Magnetic field sensitivity of 0.5 µT/

√
Hz evaluated for the fiber developed in this work is about

two orders of magnitude higher than the nanodiamond-on-fiber taper and nanodiamond-on-fiber
tip devices reported earlier [3,5,12], although recent optimized devices of that kind reach sub-nT
sensitivities [8–10] in very small volumes.

Since no NV– fluorescence was visible from the side of our suspended-core fiber with wide-
field imaging, we filled its side capillaries with immersion oil (refractive index n= 1.518). Still,
no diamond particles were directly visible and hardly any fluorescence could be recorded by the
camera. Only after integrating the fluorescence from the area highlighted in Fig. 5(a), recording
a very weak ODMR signature in zero magnetic field became possible, as shown in Fig. 5(b).

Fig. 5. Probing the fiber from the side in a wide-field microscope: (a) fluorescence image
showing no individual nanodiamonds. The same nanodiamonds in the powder form saturate
the camera under identical conditions; (b) The ODMR spectrum acquired by integrating
light from the area marked in (a). Low contrast results from a large background.

We find the described asymmetry between the amplitudes of the side and longitudinal emissions
consistent with the expected enhanced coupling of the fluorescence light into the guided mode. It
severely hinders the side observation of the fluorescence and ODMR signals, particularly in the
presence of a stray light background and/or camera noise. Admittedly, the described observations
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cannot be treated as exhaustive evidence that the NV– fluorescence is coupled to the guided
mode of the fiber. However, it can indirectly support the hypothesis, that the suspended core fiber
geometry with nanodiamonds positioned such that they geometrically overlap most of the guided
mode field, facilitates strong NV– light coupling to the fiber’s guided mode.

5. Conclusions

We have demonstrated the fabrication feasibility and proof-of-concept magnetic field sensing
application of a nanodiamond-functionalized microstructured optical fiber. The key advantages
of the developed fiber stem from its transverse geometry together with the diamond particles
being located centrally along the solid glass core suspended on three thin struts. Nanodiamond
functionalization of the developed fiber probe exploited a modified dip-coating procedure of
the glass tube/preform, in which the diamonds were deposited from a solvent suspension at the
inside surface of a glass tube. The joint action of the fiber drawing and collapsing of the tube
enabled producing a solid core doped with nanodiamonds, with the ratio of the core diameter to
the nano-particle size of 2:1. In that way, we successfully combined the fiber’s strong optical
confinement within the direct overlap of the nanodiamond particles with the guided mode. While
a strict description of the NV– fluorescence coupling efficiency to the guided mode of the fiber
would require additional experiments and modelling, which was outside of the scope of the
current work, the presented results illustrate the magnetic sensing performance of the developed
fiber. The magnetic field sensitivity of 0.5 µT/

√
Hz was achieved with the readout from the

fiber’s guided mode, and exceeds earlier reports by roughly two orders of magnitude, providing a
supportive proof-of-concept of the suspended core fiber configuration for NV– based sensors.

These preliminary results leave room for further improvements. In particular, we expect that
using smaller nanodiamonds would improve the sensor’s performance by better homogeneity
within the fiber and lowering the scattering losses. The sensor’s sensitivity, would definitely
benefit from application of pulse techniques, like spin-echo and/or dynamic decoupling. Future
applications of the efficiently guiding probes could be, e.g., for the magnetic-field-gradient sensors
(gradiometers) with multiple fibers. Moreover, the air channels, intrinsic to the concept of the
suspended core fibers, make it possible to realize various microfluidic sensing implementations.
Our current demonstration uses a lead silicate glass, which, admittedly, is not as sturdy as silica
and is incompatible with fusion splicing with silica fibers. However, the F2 glass is mechanically
robust, crystallization resistant and, when compared to silica, can be drawn into fibers using
standard fiber drawing equipment. The low-cost parameter of F2-based fibers is important for
bio-sensor applications because it facilitates their commissioning as single-use devices, which
becomes increasingly popular for many bio-diagnostic components.
Funding. Fundacja na rzecz Nauki Polskiej (TEAM NET POIR.04.04.00-00-1644/18).
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