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Integration of optically active diamond particles with glass fibers is a powerful method of scaling diamond’s
magnetic sensing functionality. We propose a novel approach for the integration of diamond particles containing
nitrogen-vacancy centers directly into the fiber core. The core is fabricated by stacking the preform from 790 soft
glass canes, drawn from a single rod dip-coated with submicron diamond particles suspended in isopropyl
alcohol. This enables manual control over the distribution of nanoscale features, here — the diamond particles
across the optical fiber core. We verify this by mapping the diamond distribution in the core using confocal
microscopy. The particles are separated longitudinally by 12-29 pm, while in the transverse plane a separation of
approximately 1.5-2.2 pm is observed, corresponding to the individual cane diameter in the final fiber, and
without significant agglomeration. The fiber’s magnetic sensitivity is confirmed in optically detected magnetic
resonance recorded with a coiled, 60-cm-long fiber sample with readout contrast of 1.3% limited by microwave
antenna coverage. Moreover, magnetic-field dependence of the NV~ fluorescence intensity is demonstrated in the
absence of microwaves, allowing magnetometric applications with a large (from 0 to 35 mT) B-field dynamic
range.

1. Introduction Practical sensor devices based on NV -doped diamond require inte-

gration with structures that would leverage the scaling up of different

Sensing functionalities of diamond encompass electrical, magnetic,
and dielectric interaction with matter and can be shaped by chemical
modification and the size of the diamond crystals [1]. Appropriate
doping using plasma-enhanced chemical vapor deposition (CVD) has
opened means for modification of diamond’s refractive index and con-
ductivity [2]. The latter facilitates the use of diamond in electrochemical
sensorics as an ultrawide bandgap semiconductor with electron mobility
exceeding 2000 cm?/Vs [3,4]. Incorporation of nitrogen-vacancy color
centers (NV ) in such sensors unfolds novel magnetic properties, and
can be realized by either CVD, or other methods, such as
graphite-to-diamond phase transition under high pressure and high
temperature (the HPHT method) or the detonation of diamond crystals
mixed with CaHbNcOd-type compounds [5-7].
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sensing modalities. For example, the pick and drop method can be used
to transfer crystalline diamond particles from the growth substrates onto
various flexible platforms overcoming the intrinsic brittleness of dia-
mond in strain sensors sensitive for strains below 0.1 [8]. The possibility
of an optical readout of diamond’s magnetic response in the optically
detected magnetic resonance (ODMR) technique motivates the inte-
gration of diamond particles with optical fibers. Implementations
involving fiber tip deposition or various evanescent field realizations
like fiber tapers are intensively investigated with nano- or micro-
diamonds containing NV~ or other color centers [9-11]. Fiber tip
functionalization with color center nanodiamonds has been demon-
strated in micrometre-scale spatial resolution, non-contact thermal
mapping application with 20 mK/ \/ Hz thermal resolution [12]. Prior
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designs of photonic crystal fiber tip functionalization with NV nano-
diamonds were demonstrated in the context of optical adjustment-free
single photon sources [13]. These results revealed impressive NV
fluorescence collection efficiency with fibers, which was comparable to
far-field imaging through an objective with a numerical aperture larger
than 0.8. NV~ fluorescence collection efficiency in the range of 35-37%
was reported for tapered single-mode fibers, in which the tapered sec-
tion was in direct contact with a diamond micro-waveguide for
designing possible single photon emitters and efficient quantum optics
interfaces [10,14]. These implementations relate to ultra-sensitive,
highly localized interaction of NV~ emitters with the surrounding.
Fluorescence collection of NV~ centers in diamond over extremely
distributed sites in the tens-of-meters scale was also demonstrated using
a fiberized setup [15]; however, in this implementation the NV~ fluo-
rescence was collected by photodiode chips distributed along 90 m
length of a fiber capillary, in which a droplet with a single micro-
diamond particle was pushed along by applied air pressure.

Recently, the volume incorporation of diamond micro- and nano-
particles into a glass and subsequent drawing of optical fibers has
been proposed as a radically alternative method of scaling of NV~
emission yield [16,17]. Although theoretically straightforward, it is
hindered with oxidation and graphitization of diamond particles during
the high temperature processing steps, including glass melting and fiber
drawing at a tower. The choice of glass hosts is thus limited to low
melting point soft glasses and indeed the first demonstrated diamond
particle volume-doped glass fibers were drawn using tellurite glasses
with melting (diamond incorporation) and drawing temperatures of
610 °C and 400 °C, respectively [17,18]. It has to be noted, that tellurite
glass fibers are tedious in handling, especially to non-experts in specialty
fiber development, due to the poor mechanical properties of the glass
itself. Alternatively, silicate soft glasses can be used, like the F2
lead-silicate glass (Schott), which albeit requiring a higher drawing
temperature around 700 °C, possesses superior mechanical robustness
compared to tellurite glasses [19].

The thermal stability of the nanodiamond plays a critical role during
integration with glass. Qiao et al. manifested that nanodiamonds un-
dergo graphitization into onion-like forms during annealing at 1400 °C
for 1 h in atmosphere [20]. Furthermore, it has been shown that the
decomposition of oxygen-containing groups occurs at 300-900 °C, while
CHy groups decompose at 700-1150 °C [21]. The micrometre-sized
diamond exhibits elevated resistance to graphitization at temperatures
of 700-1400 °C under pressures in the range of 2-8 GPa [22]. Such
nanodiamonds decompose less effectively to graphite than the
onion-like structures, forming preferably the microcrystalline graphite.

Butenko et al. [23] reported that graphitization is driven by two
main mechanisms dominating in the specific temperatures. The Debye
temperature of nanodiamond (1577 °C) results from the boundary of
these two thermal ranges: (I) — penetration from the surface in-depth of
bulk region of diamond particle and (II) — abstraction of the surficial
groups stabilizing the crystal edges. Thus, the thermal conductivity of
nanodiamond is an important indicator of the diamond-graphite equi-
librium [24]. Thermal decomposition or oxidation of diamond particles
are not the sole concerns when the volume incorporation in optical fi-
bers is considered. Importantly, Tsukahara et al. [25] revealed that
aerobic oxidation of nanodiamond at 550 °C is responsible for
improving the transverse spin-coherence time (T2) of NV centers, which
enhances their sensitivity in quantum sensing. In the specific fiber
context, melting of bulk soft glass for fiber preform components from
raw materials, with adding the diamond particles during the melting,
results in random distribution of the nanodiamonds in the obtained
samples [16]. Authors in Ref. [26] have revealed with advanced
modelling, that magnetic sensitivity of nanodiamond-doped fiber probes
could be increased in comparison to isotropic diamond-doped materials
by optimizing the fiber’s various parameters, including core-cladding
index contrast and the position of diamond emitters in the fiber core
or the core-cladding interface.
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In this work, we report on a novel volume incorporation approach for
the integration of nitrogen-vacancy centers-containing submicron dia-
mond particles with optical fibers. A step-index fiber is developed by
stacking the core preform from 790 canes made of lead-silicate glass,
which after drawing at a fiber drawing tower, constitute a solid fiber
core. The canes have been drawn from a single glass rod dip-coated with
crystalline diamond particles containing NV~ centers suspended in iso-
propyl alcohol, similarly to the method proposed earlier [14]. The
diamond-coated cane stack was inserted in a tube made of thermally
matched silicate glass and drawn at a fiber drawing tower into a final
multimode, step-index fiber with 50 pm core diameter and 125 pm outer
diameter. Mapping of physical distribution of the diamond particles
embedded in the fiber core has been performed using confocal micro-
scopy imaging, revealing even distribution of single crystalline diamond
particles across the fiber core with only minor, isolated agglomerates.
The developed fiber was tested in two experiments involving its mag-
netic sensitivity stemming from the presence of the NV~ diamond par-
ticles in its core. In one scenario the fiber was spun on a microwave
antenna and optically detected magnetic resonance was measured with
readout contrast of up to 1.3%, which was scalable with and limited by
the coverage of the fiber by the antenna. In the second test experiment,
we measured NV~ fluorescence intensity change in a 35 mT dynamic
range of magnetic flux density from an electromagnet.

2. Experimental methods
2.1. Submicron diamond particles-incorporated optical fiber fabrication

The optical fiber development procedure begun with the preparation
of preform components, which included the cladding tube and a solid
glass rod for fabrication of the diamond-coated glass canes constituting
the fiber core stack. F2 lead-silicate glass (Schott) was selected as the
base fiber glass and specifically, it was used for the diamond particle
functionalization and core stacking. Nominally, the lead-silicate F2 glass
contains between 40 and 50 wt % each of silica and lead oxide, which
are complemented by up to 10% each of potassium oxide and sodium
oxide and below 1% of arsenic trioxide. Its refractive index is n; =
1.6199 at the wavelength of 589.3 nm. A modified composition within
the above limits was melted in-house in the form of a tube, with the
(linear) refractive index np = 1.6133 at the wavelength of 589.3 nm.
This glass was used for the cladding tube of the fiber preform. An index-
guiding fiber was thus possible to obtain from these materials.

The actual fabrication procedure was split into four steps, which are
schematically shown in Fig. la. The first involved integration of dia-
mond particles with the glass rod. We adapted the dip-coating approach
reported earlier by D. Bai et al. [19]. The diamond particles used for
coating were suspended in isopropanol, with the diamond concentration
of 0.05%. We used submicron diamonds with an average particle
diameter of 750 nm (MDNV1um, Adamas Nanotechnologies), which is a
compromise between fluorescence yield and scattering loss introduced
by the particles in the core of the optical fiber. To verify size distribution
of the particles used in this study, the diamond suspension was placed in
a disposable, polystyrene cuvette (outer dimensions of 12 x 12 x 45
mm), and examined using the Zetasizer Nano ZS particle analyzer
(Malvern Panalytical, UK) equipped with a 632.8 nm laser. Measure-
ments were performed at 25 °C using backscatter configuration (light
collected at 173° angle). The viscosity and the refractive index of the
dispersant (isopropanol) were set at 2.038 cP and 1.377, respectively
[27,28].

Before dip-coating, a cylindrical cuvette with the diamond particles
suspension was stirred in an ultrasonic cleaner for 20 min and then was
moved onto a magnetic stirrer for 3 min. The cuvette was then placed
again in an ultrasonic cleaner for 5 min, and again for 3 min on the
magnetic stirrer. Then the cuvette was placed in the ultrasonic cleaner
for the final 5 min. After this, the F2 glass rod (diameter of 30 mm) was
slowly immersed in the diamond suspension in the cuvette. After lifting
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Fig. 1. Submicron diamond particles-doped nanostructured core fiber: (a) fiber development procedure, (b) scanning electron microscope image of the fiber, (c)
optical microscope image of the fiber, (d) mode field image of the fiber output over a red high-pass filter.

from the cuvette, the excess liquid was allowed to drain back into the
cylinder and residual isopropanol to evaporate from the surface of the
glass rod. This coating procedure was repeated 10 times.

In the second step, the dip-coated F2 glass rod was drawn into canes.
To ensure that no contaminants were present in the fiber, the coated
glass rod was placed in the drawing tower furnace and then heated up to
400 °C in a dry oxygen atmosphere. This temperature is high enough to
burn most small contaminates on the glass surface, while leaving the
diamond particles intact. This was verified before dip-coating by ther-
mogravimetric analysis (TGA) of the diamond powder, which indicated
mass change related to oxidation at temperatures exceeding 550 °C. F2
glass fiber drawing requires a higher temperature of around 700-750 °C,
which is unacceptable for diamond in an oxygen atmosphere. However,
TGA reveals that diamond mass change of only 0.5% occurs at this
temperature range when the oxygen atmosphere is replaced with ni-
trogen. A nitrogen atmosphere was thus introduced to the furnace and
the temperature was increased to 740 °C. After the start of the drawing
process of the diamond-coated rod, the temperature was reduced to
710 °C and the rod was drawn at that temperature. The rod was drawn
from 30 mm diameter down to 0.5 mm =+ 0.02 mm canes. In the third
step, the drawn canes were cut to 12 cm length and stacked inside the in-
house prepared glass tube with an external diameter of de. = 40 mm and
an internal diameter of d; = 16 mm. 790 glass canes were fitted inside,
forming the structured glass preform. The preform was then drawn at
the drawing tower from the initial diameter down to a 4 mm diameter
structured rod. During this process, the nitrogen atmosphere was again
introduced into the furnace. Additionally, after the drawing process had
started, low vacuum was introduced selectively to the core stack to
ensure integration of the individual submicron diamond-coated canes.
This was crucial during this part of the drawing, because the rough
diamond coating of the individual rods traps atmospheric gasses be-
tween canes and leads to uneven glass integration. In the final step the
structured rod with a fully fused, diamond particles-doped core was
drawn into the final fiber. The external diameter of the fabricated fiber is
df = 125 pm (excluding the protective acrylic coating), while the
diameter of the core is d. = 50 pm. During the drawing, the diameter of
the fully fused canes in the core stack was decreased to d; = 1.5 pm. The
scanning electron microscope image of the fiber is shown in Fig. 1b. Due
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to low refractive index contrast, the core area is indistinctive from the
cladding, although it can be well seen under a standard optical micro-
scope, which is shown in Fig. 1c. The mode field of the red fluorescence
of NV~ color centers, filtered with a red high-pass filter to cut out the
532 nm laser pump, is shown in Fig. 1d.

Normally, the fiber drawing is carried out at a temperature at which
viscosity 1 of the glasses used in a preform is between logn = 7 and logn
= 8. Here, the set drawing temperature (720 °C) is higher than sphere
creation temperature Tgpp, for either of the glasses (690 °C for the core
glass F2, 710 °C for the cladding glass, a detailed table with measured
glass parameters is contained in the Supplementary Information). The
reason for that is the placement of the thermocouple in the furnace, near
the heating elements. At the center of the furnace, where the glass is
located, this temperature is lower by roughly 70 °C, thus the fiber is
actually drawn at a temperature of about 650 °C. The glass used in the
core is closer to its sphere creation temperature Tspp than the cladding
glass, which means that its viscosity is lower. Additionally, the differ-
ence in coefficients of thermal expansions of both glasses should be
smaller than 10%, as is in the case of our process, in order to avoid
cracking or separation of the glass during cooling. We note that the fiber
reported by authors in Ref. [19] was developed from the same glass type
in the core and cladding, which contributes to explaining the difference
in the final fiber fusion between our case and the fiber described in
Ref. [19].

2.2. Diamond particles-incorporated optical fiber attenuation

The attenuation of the developed fiber was measured using the cut-
back method in three separate measurements carried out at wavelengths
of 532 nm, 780 nm, and 1560 nm. Measured attenuation was 81 dB/m at
532 nm, 49 dB/m at 780 nm, and 32 dB/m at 1560 nm. These loss fig-
ures are comparable only to the higher-loss end of the tellurite glass
fibers reported in Ref. [17]. We note that the best diamond-doped tel-
lurite fibers reported in Ref. [17] with decreased diamond concentration
(compared to the more densely doped samples reported therein)
exhibited background loss of around 10 dB/m. Compared to the
interface-doped fiber (diamond particles located at the core-cladding
interface) reported by D. Bai et al. in Ref. [19], the loss measured in
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our fiber is roughly an order of magnitude higher, despite the same glass
type used and a comparable diamond particle size, i.e. 1 pm diameter in
Ref. [19] and around 750 nm diameter in this work. Results reported for
fibers either with 45 nm diamond particles or with 1 um particles in the
optical fiber core confirmed that the larger diamond particle size
enhanced NV~ fluorescence yield due to larger NV~ color center number
[17,19]. However, in the case of our fiber, the large particle size also
contributes significantly to scattering loss of the guided modes. The fiber
core, where the light is guided, in this work can be considered as a
particle suspension, where the particles — the submicron diamonds — are
suspended in a solid — the glass. Absorption of the NV~ centers cannot be
assigned to the entirety of the recorded loss level, especially at the red
wavelengths. Light scattering should be considered with respect to the
relation of the light wavelength to the diamond particles mean size and
the particle-to-particle separation. The diamond-to-diamond separation
in the propagation direction of the fiber core (discussed in detail in the
following section) indeed exceeds the wavelength by an order of
magnitude, but in the transverse plane of the core it is only between 1.5
and 2.2 pm, which is two to three wavelengths. The particle size, i.e. the
mean size determined with the dynamic light scattering method, was
around 750 nm, which is comparable to the wavelength of NV~ emission
(zero-phonon line at 637 nm). Therefore, the main loss mechanism of
the propagating mode would be the diffraction at the glass-diamond
interface, caused by the large difference of the F2 glass and diamond
refractive indices. Since the major fraction of diamond particles has their
size comparable to the wavelength, the main mechanism should be the
Mie scattering, which is supported with strong back-reflected 532 nm
pump signal, which could not be explained by the Fresnel reflection
alone. A small fraction of the diamond particles used in the work had
size smaller than the mean 750 nm (as discussed in the following
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section), thus the contribution of Rayleigh scattering cannot be entirely
excluded. The presence of both these scattering phenomena is supported
by the increasing attenuation measured in the fiber for decreasing
wavelengths. We note that in recent work involving wavelength-sized
gold nanoparticles or sub-wavelength silica nanoparticles in liquid
suspensions, Brillouin scattering (and backscattering) has been reported,
although we have not observed evidence of that under our experimental
conditions [29,30]. The future realizations of fibers exploiting the
concept described in this work should explore a tradeoff between dia-
mond particle size and expected NV~ fluorescence yield, as well as the
fiber volume effectively interacting with the microwave field.

3. Results and discussion

3.1. Submicron diamond particles fluorescence and spatial distribution in
the fiber

In the preceding part, we have demonstrated that one of the key
challenges in the diamond particles-doped fiber drawing from dip-
coated glass preforms involving successful integration of preform glass
components in presence of a diamond layer, can be solved by selective
application of vacuum to the optical fiber core area. The obtained, fully
fused, diamond particles-doped fiber core has also been demonstrated to
couple NV color center fluorescence into its guided modes. In this part
of the study we discuss the properties of the submicron diamond parti-
cles used in the work, as well as the details of their distribution in the
optical fiber core.

Fig. 2a depicts a high-magnification scanning electron micrograph of
the diamond particles used in this study. Particles are characterized by
irregular shapes with sharp corners, as expected from diamond crystals
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Fig. 2. Submicron diamond particles in nanostructured core fiber and EPR results of X band (recalculated to 9.5 GHz) of diamond powder measured at 5.4 K: (A) SEM
image of diamond particles deposited on the surface of a polished F2 glass plate by dip-coating, (B) particle size distribution in the diamond suspension used in the
dip-coating procedure, (C) SEM image of F2 glass plate surface dip-coated with diamond particles, (D), (E) cross-sectional images of the drawn fiber, (F) wide range
EPR spectrum measured for 474 pW of microwave power, (G) g = 2 spectral region of EPR spectrum measured for 1.5 pW of microwave power with its simulation,
(H) EPR spectrum of the half-field transition measured for 4.7 pW of microwave power with its simulation. The simulations were performed using EasySpin soft-

ware [33].
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produced using the high-pressure high-temperature method and then
crushed to finer particles [31,32]. The surfaces of the particles are
marked with large roughness and crystalline fractures. To examine the
size distribution of the diamond particles shown in Fig. 2a, and to verify
if agglomeration of the particles occurs at an early stage of the techno-
logical procedure, the starting suspension was investigated after its
homogenization by dynamic light scattering. The resulting particle size
distribution presented in Fig. 2b was averaged from three consecutive
measurements. The distribution is monomodal as there is only one peak
visible. A fraction of the particles with sizes ranging from around 440
nm to 1400 nm with the maximum signal at 780 nm is observed. The
system has not registered any larger, sedimentation fractions. Next, to
validate whether agglomeration occurred at the surface of the glass
during and immediately after the rod dip-coating procedure, a series of
reference square plates (20 x 20 x 1 mm) made of the F2 lead-silicate
glass was covered with the diamond particles (Fig. 2c). The analogous
procedure was utilized during dip-coating of the initial F2 glass rod. The
morphology of the F2 plates displayed in Fig. 2c reveals distinctly that
the majority of the glass area is covered with single, separated diamond
particles. Individual diamond particles could create small-scale ag-
glomerates, but they account for a minor proportion of the overall
coverage and also tend to separate in the fiber drawing step. The typical
distance with neighboring diamond particles on the dip-coated glass
surface ranges between 2 pym and 5 pm. Fig. 2d presents the
diamond-doped fiber cross-section revealing a homogenous glass
structure with sectionally incorporated diamond particles (attn. zoomed
image in Fig. 2e). The diamond particles are tightly included in the glass
structure with a mean adjacent distance of approximately 2.5 pm. No
larger agglomerates or gas bubble defects were observed during SEM
imaging studies. The Supplementary Information contains a detailed
calculation of theoretical mean distance between the adjacent diamond
particles of the dip-coated glass rod surface. Considering the size of the
initial F2 glass rod used for fiber core stacking and drawing, and
assuming 20 pm as the mean distance between two adjacent diamond
particles in the final fiber, as discussed in the next section (based on
confocal imaging data), the mean distance between adjacent diamond
particles at the surface of the initial F2 glass rod can be calculated as 2.6
pm, which agrees with experimental observations. Electron imaging
data correspond to optical microscopic experiments and both support
the statement against considerable agglomeration of the diamonds in the
developed fiber.

After the study of the agglomeration of diamond particles on F2
glass, two measurements were carried out to assess the concentration of
nitrogen and NV~ color centers in diamonds used for fiber development.
First, the presence of paramagnetic centers in the diamond particles (1.5
mg) was verified by continuous-wave electron paramagnetic resonance
(CW EPR) spectroscopy. Measurements were performed in a Bruker EPR
ELEXSYS E580 spectrometer equipped with a TE; ¢, cavity and a cryostat
allowing measurements at the liquid helium temperature. Fig. 2f pre-
sents a wide-range EPR spectrum of submicron diamond particles
measured at 5.4 K. It consists of an intense line in the g = 2 region and a
weak line corresponding to the half-field transition. A precise mea-
surement of the g = 2 region is presented in Fig. 2g. A simulation per-
formed with EasySpin software extracted two contributions to this
signal: one related to the P1 centers and the second — weaker — related to
dangling bonds [33,34]. The P1 centers are substitutional nitrogen de-
fects that can recombine with a vacancy and form the NV center [35].
Hyperfine coupling to the *N nuclear spin (I = 1) results in the for-
mation of three intense lines near the g-factor of 2. The spin counting
procedure in the EPR spectrometer software together with a ratio of
double integrals of the P1 and dangling bonds signals obtained from a
simulation allowed to estimate their concentration at 6.5 ppm for the P1
center and 0.8 ppm for dangling bonds. The allowed transitions of the
NV~ center are characterized by satellite lines in the g = 2 region [34,
36]. However, the random orientation of microcrystals in the diamond
powder samples and the associated line broadening significantly
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decreases the intensity of lines to the point that it is often not possible to
observe them experimentally [34]. Therefore, only a weak half-field line
related to forbidden transition is present in the spectrum as shown if
Fig. 2h. The concentration of the NV centers equal to 0.2 ppm was
estimated by the spin counting procedure in the EPR spectrometer
software for the half-field transition and by multiplying the result ob-
tained by a factor estimated from the simulation of the measured NV~
spectrum in the EasySpin software [33,37]. Because of the low intensity
of the half-field transition and the saturation observed at increased
microwave power, the spectrum was measured at the lowest microwave
power for which the signal was distinguishable. We note however, that it
was unclear if the measured line is already partially saturated. There-
fore, the uncertainty of the NV~ centers concentration estimation in the
EPR spectrometer is large and the obtained value should be considered
as the lower limit of concentration while the real concentration should
be expected at a higher level. To confirm this, in the second measure-
ment, the fluorescence signal of the MDNV1um diamond particle was
compared to the one from a reference diamond plate sample (DNV-B1,
Element6). NV~ fluorescence excited at a wavelength of 561 nm
(limiting the influence of NV®) was recorded using a commercial
confocal microscope system (Olympus FV3000xHSD, 60 x oil objective
with NA = 1.42). This allowed us to probe a confocal volume (roughly
0.3 x 0.3 x 1 pm) within a single diamond particle. The reference
sample plate is specified for the concentrations: [N] = 0.8 ppm, [NV ] =
0.3 ppm. From the approximately 10 x higher fluorescence intensity
collected from MDNV diamonds, we estimate the NV~ concentration at
3 ppm, which matches the vendor data (MDNV1um, Adamas Nano-
technologies) provided for this material. This would also imply a con-
version efficiency of nitrogen to NV centers of around 24%, assuming
there is also positively charged nitrogen in the lattice in a similar
amount ([N+] = 3 ppm), which is EPR silent and acts as a donor for the
NV centers. Although this is a relatively high figure, and we consider
the corresponding NV concentration as an upper limit, we note that
similar and larger conversion efficiencies have been observed [37,38].

The next part of the work moves on to reporting results of spatial, i.e.
the transverse and longitudinal mapping of the diamond particles dis-
tribution in the fiber core. Characterization of the distribution of dia-
mond particles in the developed F2 glass fiber (and the fiber’s sensing
potential described in the following section) was carried out using the
confocal microscopy technique. Three-dimensional scans were recorded
with a commercial confocal microscope system (Zeiss LSM710). A 4 mm-
long section of the fiber was placed on a microscope slide surrounded
with immersion oil (n = 1.52). Fig. 3a schematically shows the diamond
mapping arrangement with the principal planes of imaging. The prop-
agation direction along the fiber was in the Y axis, while the transverse
plane of the fiber was located at the XZ plane. A 3-D image viewed from
the YZ plane - shown in Fig. 3c, i.e. along the propagation direction
along the fiber, was acquired by stacking 137 individual images in the
XY plane with a 0.5 pm step along the Z axis. The image height is around
68 pm, which just slightly exceeds the core diameter of 50 pm. The fiber
was imaged using seven different sample sections, separated by around
10-15 cm in the original fiber. The length of each sample image under
the confocal microscope was around 354 pm, which stemmed from the
size of the field of view of the microscope system. The bright spots
correspond to the submicron diamonds and their spatial distortion in the
image is caused by astigmatism due to the difference of around An =
0.09 between the fiber refractive index and the surrounding immersion
oil. The transverse, XZ plane of the fiber is shown in Fig. 3b. The core is
outlined with a yellow circle. The image shows the transverse distri-
bution of the diamonds corresponding to the longitudinal distribution
shown in Fig. 3c over 354 pm length of the fiber. Both the longitudinal
and transverse plane images enable distinguishing single diamond par-
ticles in the volume of the fiber core without significant agglomerations
despite one, which is manifested as a brighter spot, located around 80
pm from the fiber sample facet and slightly offset from the fiber core
center.
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354 pm

Fig. 3. Confocal microscope scan of a section of the developed fiber: (a) schematics of the fiber sample with the imaging planes marked, (b) diamond fluorescence

recorded for the XZ plane, and (c) the YZ plane.

To evaluate the diamond particle distribution in the fiber core in a
quantitative manner, we measured the distances between the immedi-
ately (directly) adjacent diamond particle pairs along the optical fiber
and also across its core. Details on the methodology of this part of
experiment are described in the Supplementary Information. In the
longitudinal plane of the fiber, the major observed share of diamond
particle pairs are separated by between 12 pm and 29 pm. Diamond-to-
diamond separations outside of this range are also observed, but with
smaller contribution to the histogram (which is shown in Fig. S1a in the
Supplementary Information). In the transverse plane, the diamond
separation of roughly 1.5-2.2 pm dominates (shown in the histogram in
Fig. S1b in the Supplementary Information), which almost ideally cor-
responds to the 1.5 pm diameter of the estimated individual cane
diameter in the final fiber core.

Seal [39] revealed that 1 pm-sized diamond particles lose their
diffraction pattern at temperatures of about 2000 °C. Lower temperature
treatment results only in partial and local graphitization mostly
depending on the irregular arrangement of carbon atoms inducing for-
mation of diamond-like and graphite-like regions. It was found that the
diamond graphitization pathways could be modified and catalysed by
metal impurities common in the HPHT crystals. Tuli¢ et al. [40] showed
that nickel caused enhanced 2-dimensional etching of (110) and (100)
facets of diamond, where (111) lattice exhibits the highest stability.
Obviously, larger diamond crystal sizes showed larger activation energy
for graphite phase transition [22], resulting in heterogenous character
decomposition, thus only particular regions of a diamond particle would
be graphitized, while other sections remained unharmed.

Butenko el al. [23] revealed graphitization rates utilizing a “reducing
sphere” model and Arrhenius expression estimation. The activation
energy of E = 45 + 4 kcal/mol is required for graphitization resulting in
maximal rates of A = 74 + 5 nm/s at range of 1000-1500 °C, which are
relatively low considering utilized micrometre-size diamond particles.
Next, the use of cane stacking creates a barrier limiting the direct dia-
mond exposure to the thermal sources and spreads the heat over a large
area of glass surface.

Multiple cane stacking has also an important advantage in the
context of this characteristics because replacing diamond-coated canes
with pure glass canes in the stack enables manipulation of the transverse
distribution and provides means of e.g. controlling the diamond particle
concentration at specific areas of the fiber core. Table 1 contains a
summary of the recently demonstrated magneto-optic fiber probes with
diamonds incorporated into the volume of the fiber core, either by direct
melt doping, or by the dip-coating technique reported earlier by D. Bai
et al. in Ref. [19] and which underpins the development procedure of
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Table 1

Summary of fabrication, structural and magnetic sensing characteristics of
realized magneto-optic fiber probes with core areas doped with diamond

particles.
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Characteristic

Tellurite glass
step index
fibers [17,18]

F2 glass fibers with
a diamond particles
ring [19]

F2 glass
nanostructured
submicron diamond
doped fibers [this
work]

Diamond particle
size
Temperature
during
diamond
incorporation
into glass
Fiber drawing
temperature
Core/cladding
refractive
indices

Diamond
incorporation
technique

Diamond
distribution —
longitudinal

Diamond
distribution —
transverse

Demonstrated
magnetic field
sensing
performance

45 nm

610 °C

400 °C

Single glass,
either 1.98 or
2.00 (at A =
1064 nm)

ND powder
added to glass
melt

Random,
further
diluted during
drawing

Random

ODMR read-
out contrast
of 3.5% (point
excitation of
fiber)

1 pm

660-690 °C

660-690 °C

Single glass (F2),
1.6199 (A = 589.3
nm)

Dip-coating of fiber
core preform,
followed by
drawing

Random, further
diluted during
drawing

Determined by
circular shape of
the core preform,
randomized along
core circumference
ODMR read-out
contrast of 2.5%
(point excitation of
fiber)

750 nm

710 °C

710 °C

1.6199 (core) and
1.6133 (cladding), A
= 589.3 nm

Dip-coating of core
preform canes,
followed by drawing
multiple canes
together

Random, dilution
during drawing
present but
outweighed by cane
stacking
Determined by cane
diameter in final
fiber core,
controllable by cane
stacking

ODMR read-out
contrast of 1.3%
MW-free B-field
measurement with
35 mT dynamic
range

the fiber demonstrated in our work.

3.2. Proof-of-principle fiber magnetometry

In the final part of the work, the developed fiber was evaluated for its
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applicability in magnetic sensing. Two types of experiments were car-
ried out, both involving a 60 cm-long fiber sample. The first one was
measurement of the optically detected magnetic resonance (ODMR),
followed by measurement of the dependence of diamond fluorescence
intensity on the magnetic field without presence of microwaves. We
begin with the ODMR experiment and the setup used in this part is
shown in Fig. 4. Optical readout of the fiber’s magnetic response was
realized under excitation from a 532 nm continuous-wave laser (Sprout-
H). The green light was coupled into the fiber from both ends: on one
end a standard collimating lens was used, and on the other light was
coupled through a dichroic mirror (Thorlabs DMLP567) and a micro-
scope objective (Olympus UPLFLN 40 x , NA = 0.75). The NV diamond
fluorescence was separated from the green light at the dichroic mirror
and residual 532 nm signal was filtered out using a 600 nm high-pass
filter (FEL0600, Thorlabs). The NV~ fluorescence was detected with a
Si avalanche photodetector (APD130A, Thorlabs). This setup allowed
effective detection of fluorescence over a wavelength range of 600-850
nm, as well as comparing the excitation efficiency from either end of the
fiber sample. In order to observe the optically detected magnetic reso-
nance (ODMR), 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 antenna structure on a printed circuit board [41]. 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. Fluorescence and ODMR signals were then observed on an
oscilloscope.

Optical fluorescence spectra of the investigated NV~ fiber samples
were recorded using a compact grating spectrometer (AvaSpec-3648-
USB2, Avantes). The spectra, shown in Fig. 5, were collected in two
configurations. In the first one, excitation and detection took place from
the same end of the fiber — this was realized with the shutter 1 open,
Fig. 4. In the second measurement, the excitation and detection occurred
from the opposite ends of the fiber — the shutter 2 was opened, Fig. 4.
The ZPL line characteristic of the NV~ is noticeably dominated by
phononic sidebands at room temperature [42], and phonon interactions
are only suppressed at cryogenic temperatures. Additionally, we work
with submicron diamond particles, where the optical NV~ spectra
deviate from a typical bulk-diamond NV~ spectrum because the size
becomes comparable with light wavelength. This is one of the factors
that affect the visibility of the ZPL [43]. The recorded signal was
normalized to the intensity at the ZPL wavelength. Normalization based
on the intensity of the diamond Raman band is another common mean of
presenting the NV~ fluorescence spectra. However, this is feasible only
for low-NV-density samples, where this line is clearly visible. In our case
of highly-fluorescent particles, the presence of NV° fluorescence is
overwhelming the diamond Raman line and precludes its observation.
This is a common situation for the fluorescent diamond particle spectra

Beam
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¢ Fiber

Generator
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Fig. 5. Optical fluorescence spectra recorded with: (a, red) excitation and
detection from the same end of the fiber, (b, black) excitation and detection
from opposite ends of the fiber, (blue) unprocessed diamond particles.

[43]. The difference in the spectra shown in Fig. 5 is assigned to the
wavelength-dependent fluorescence coupling into the guided mode and
the scattering losses occurring during light propagation in the fiber
when excitation and detection of NV~ color centers fluorescence occur at
opposite ends of the fiber.

Among several sensing modalities enabled by NV~ color centers in
diamond, the most common are measurements of magnetic field and
temperature with the use of continuous-wave microwave field to drive
the ODMR. Here, we realized a simple case of ODMR-based sensing of
moderate magnetic field. ODMR readout was carried out in two con-
figurations with the fluorescence excitation and detection taking place
either for the same fiber end, or from the opposite fiber ends, while the
microwave antenna was fixed near the detection side. Three magnetic
flux densities were consecutively set in the measurements: 0 G, 15 G,
and 21 G. The observed spectra are shown in Fig. 6. For the 0 G setting,
the recorded ODMR spectrum did not differ significantly from the single-
crystalline diamond, while in non-zero fields significant differences
were recorded. The latter spectra are strongly inhomogeneously
broadened by the random orientation of crystals with respect to the
direction of the magnetic field [37]. The outermost edges of the spectra
correspond to the diamonds with the maximum projections of the
magnetic field, i.e., those oriented along the field direction. An
approximately linear increase of the broadened spectrum width with the
field strength can also be observed. The observed ODMR contrast value
is limited to around 1% at zero magnetic field where no-inhomogeneous

Shutter 1
Mirror

Objective

Mirror
Coupler MW

Dichroic

antenna Filter Detector

mirror

Fig. 4. Experimental setup for magnetic sensing experiments with the developed fiber.
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Fig. 6. ODMR spectrum collected in two configurations: (a) excitation from the
same end of the fiber as detection and microwave antenna; (b) excitation by the
guided light mode coupled from the opposite end of the fiber.

broadening is present and a single-frequency MW field drives all NVs
regardless of their spatial orientation. This is due to the geometry of our
microwave antenna, which effectively drives the NV~ spins over only
several millimeters of the nearby fiber length, while the remaining fiber
section contributes to the fluorescence background. When the fiber is
interrogated locally from its side, the contrast value increases to above
5%, as is shown in the Supplementary Information. Additionally, we
observe a factor of two contrast difference in the spectra recorded with
the excitation light launched from both fiber ends. We attribute this
difference to the placement of the microwave antenna at the
detection-side end of the fiber, approximately 5 mm from the fiber end
face, and different shapes of the green light mode when using opposite
microscope objectives. In the epi-fluorescence excitation case, due to the
fiber being spatially multimode and a relatively high NA objective being
used, a different volume containing the submicron diamond particles is
effectively excited than in the dia-fluorescence case. We emphasize,
however, that the readout contrast could be improved by changing the
antenna design for one acting on a longer section of the fiber or, alter-
natively, using a near-field of a microwave-current-carrying structure
along the fiber.
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We have also performed a proof-of-concept type of experiment
demonstrating possibility of NV~ magnetometry with the developed
fiber in a MW-free arrangement. In Fig. 7 we show the photo-
luminescence measured as a function of the magnetic field. To ensure
the entire optical fiber interacts with a constant-strength magnetic field,
the fiber was coiled into an approximately 3 cm diameter loop, as shown
in the inset of Fig. 7, and placed axially under the neodymium magnet.
The field strength was varied by changing the fiber-to-magnet distance
and measured using a gaussmeter. The initial gradual decrease in pho-
toluminescence is associated with a reduction of fluorescence emission
of the NV centers misaligned with the magnetic field vector and occurs
due to the spin-mixing by the transverse field components [44]. The
observed decrease of fluorescence can be used for magnetometry with a
35 mT dynamic range and requires only a pre-calibration of the fluo-
rescence levels. The randomized orientation of diamond particles inside
the fiber makes it insensitive to the vector-orientation of the field, acting
effectively as a scalar sensor. These results are in-line with the similar
fluorescence changes reported for bulk diamond and with single NVs
[44-46]; however, they do not match the dependency presented in
Ref. [18], where also a volumetrically doped fiber was used but the
fluorescence level with microwaves tuned off-resonance dropped more
abruptly, within the 0-1 mT field range.

4. Conclusions

The main highlight of the work is achieving a uniform distribution of
single, submicron diamond particles, which can be shaped across a step-
index optical fiber core by stacking a core preform from glass canes.
Their distribution in the transverse and longitudinal planes of the fiber
were mapped in the volume of the core using confocal microscopy in
seven fiber samples, taken from fiber sections 10-15 cm apart. Two main
fractions in the diamond separation were identified, in the longitudinal
plane, the majority of adjacent submicron diamond pairs was located
between 12 pm and 29 pm apart, and in the transverse plane the sepa-
ration was typically 1.5-2.2 pm, which corresponds with the estimated
final (drawn fiber) 1.5 pm diameter of canes constituting the pre-final
drawing core stack. We note that the total length of the fiber imaged
for the longitudinal separation between adjacent diamonds was around
1 m. Thus, the provided statistics cannot support assuming the longi-
tudinal particle separation to remain uniform along the total length of
the drawn fiber, which was in the order of tens of meters. In contrast to
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Fig. 7. Nitrogen-vacancy photoluminescence as a function of the applied
magnetic field normalized to the photoluminescence at 0 mT. The inset shows
the arrangement of the fiber coiled and placed axially under the perma-
nent magnet.
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previously reported implementations involving drawing of soft glass
fibers directly from a diamond-suspension dip-coated glass preforms,
stacking of multiple diamond-coated (and thinned at drawing temper-
ature at a drawing tower) canes, combined with carefully adjusted
drawing conditions, the fiber demonstrated in this work had fully fused
core without airholes neither at the core-cladding nor at the intra-core
interfaces. In addition to that, no evidence of significant agglomera-
tion has been observed, despite the uniform distribution of the diamonds
in the transverse plane of the core. The demonstrated stacking fabrica-
tion approach does not hinder the magnetic sensing functionality of the
developed proof-of-concept fiber. We have verified this by recording
ODMR spectra, in which the readout contrast (around 1.3%) was limited
by the design of the microwave antenna used. However, it can be easily
enhanced, e.g. using a microwave resonator which can effectively excite
a centimeter-sized loop of optical fiber [47]. Additionally, we have
demonstrated a microwave-free detection mode, in which fluorescence
level can be mapped to the magnetic field value in a broad dynamic
range of 0-35 mT.

In the context of NV -fiber magnetometry, core nanostructurization
carries two advantages. Firstly, it enables large degree of freedom in the
positioning of the diamond particles relative to the transverse plane of
the core for optimal coupling of the NV~ fluorescence to the fiber guided
modes, which in our study is supported by the dominant fraction of
diamond pairs separated by 1.5-2.0 pm, a distance roughly equivalent to
the final size of an individual glass cane of the core preform stack. A
recent theoretical study of this issue indicated significant coupling
improvement by localization of the NV~ close to the cladding-core
boundary [26]. Although the dip-coating distribution of diamonds on
the glass surface of the initial preform component is generally random,
we have observed that over areas largely exceeding the range of dis-
tances between adjacent particle pairs, the glass surface was covered
uniformly with single crystals. Agglomerated diamonds could also be
noted on the surface of dip-coated glass, but these were isolated in-
stances. Control of the separation between the diamond particles in the
final fiber is very limited by means of increasing their concentration in
the dipping suspension.

The observed optical effects are determined and strongly depend on
the interaction at the glass-diamond interface, which are stimulated by
the surficial groups at the diamond as well as the surface termination of
the amorphous glass. The micro- or even nanoscale interfaces might be
furthermore investigated by high-cost, multi-scale molecular modelling
or HR-TEM imaging since the oxidation and graphitization rates are
tailored here considerably by limited oxygen atmosphere exposure
thanks to the glass matrix encapsulation and short-term thermal treat-
ment during fiber drawing.

Instead, using our approach, diamond assembling could be shaped by
for example implementing core stack designs involving diamond-
functionalized canes arbitrarily interleaved with pure glass canes. This
methodology thus enables additional level of control over the transverse
layout of the diamond particles. Following dedicated modelling and
experimental work, it has the potential of extending the existing models
with practical ways of optimizing NV~ fluorescence coupling to the
guided modes in optical fiber-based ODMR and magnetometry probes.
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