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A B S T R A C T   

We demonstrate the development of anti-resonant hollow core fibers functionalized with nanodiamonds and 
their application to ODMR-based and microwave-free magnetic field gradiometry. The diamond particles were 
uniformly deposited from a solvent suspension on the inner surfaces of two 50 cm long hollow-core fiber sensors. 
This enabled efficient excitation of the diamond fluorescence using 532 nm light, as well as collecting the ni-
trogen vacancy color center red fluorescence to the hollow fiber guided modes, which facilitated fully guided 
mode operation of each sensor with 400 nT/sqrt(Hz) sensitivity. Two fiber probes in a differential arrangement 
provided magnetic field gradient measurement with a 35 mT dynamic range without the presence of micro-
waves. Specific applications, like the control of magnetic switching in spintronics computing, could benefit from 
accurate and microwave-free readout modalities for mT-scale magnetic fields. The demonstrated hollow core 
fiber probes fulfill these requirements. They combine the robustness and the possibility of macroscopic sepa-
ration between the scanned target and the readout location due to the guiding of the NV fluorescence, while 
maintaining a dynamic range that matches state-of-the-art single-crystal diamond-based sensors.   

1. Introduction 

Measurements of nanoscale magnetic fields can be performed with 
an optical readout modality by employing the oscillation of a spin state 
in a solid diamond placed in a microwave field [1,2]. Vector information 
on the magnetic field can also be captured in these measurements if the 
crystallographic orientation of the negatively charged nitrogen-vacancy 
defect in diamond (NV─) against the investigated field is established [3]. 
Demonstrated examples of diamond-based magnetometers have often 
taken advantage of optical fiber technology. The reason is that the 
integration of single crystal diamond or nanodiamond particles with 
optical fiber tips or tapers enabled the sensor to be fixed, providing 
robustness and flexibility [4,5]. This portability relates to another 
important advantage, which is the possibility of confining the NV─ spin 
state scanning microwave field to a small space around the 

functionalized fiber device, thus limiting its detrimental influence on, e. 
g., investigated biological matter [6]. The major motivation underpin-
ning the various integration schemes of magnetic field diamond sensors 
with optical fibers is maximalization of the coupling efficiency with the 
fiber guided modes. In response to this challenge, a new subclass of 
diamond-functionalized fibers has recently been introduced, in which 
nanodiamond particles are integrated into the volume of the fiber core, 
along its entire length [7–10]. This approach additionally provides 
isolation of the nanodiamonds from direct contact with the environ-
ment, improving their fixation at the fiber, as compared to a fiber tip and 
taper geometry, and, most importantly, also makes the entire fiber 
sensitive to magnetic fields. The limitations of the reported fibers 
“volumetrically” doped with nano- or microdiamonds included signifi-
cant Mie and Rayleigh scattering losses at diamond particles and the 
scalar character of the magnetic field measurements. This particular 

* Corresponding author. 
E-mail address: mariusz.klimczak@fuw.edu.pl (M. Klimczak).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Sensors and Actuators: A. Physical 

journal homepage: www.journals.elsevier.com/sensors-and-actuators-a-physical 

https://doi.org/10.1016/j.sna.2023.114321 
Received 31 October 2022; Received in revised form 10 February 2023; Accepted 22 March 2023   

mailto:mariusz.klimczak@fuw.edu.pl
www.sciencedirect.com/science/journal/09244247
https://www.journals.elsevier.com/sensors-and-actuators-a-physical
https://doi.org/10.1016/j.sna.2023.114321
https://doi.org/10.1016/j.sna.2023.114321
https://doi.org/10.1016/j.sna.2023.114321
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2023.114321&domain=pdf


Sensors and Actuators: A. Physical 355 (2023) 114321

2

disadvantage stems from the random orientation of the nanodiamonds 
inherent in the volumetric doping of the optical fiber core. 

In fact, the operation of fiber-based diamond magnetometers for 
vector measurements is usually based on the predetermined orientation 
of the crystallographic axes of the diamond’s NV─ defects [11]. When a 
single-crystal diamond particle is used along with sophisticated fiber 
tip-mounted optics, sub-nT/

̅̅̅̅̅̅
Hz

√
magnetic field sensitivity is achievable 

[11]. Earlier demonstrations of microdiamond sensors on fiber tapers 
with similar performance have also been reported [12]. Simpler re-
alizations that enabled magnetic field gradient or vector measurements 
exploited a differential measurement scheme of two optical fibers to 
address two areas of single-crystal diamond or two separate diamond 
particles [13,14], or alternatively, one diamond particle over a dual-core 
photonic crystal fiber [15]. Similarly, all of these approaches required 
the determination of the orientation of the sensor’s NV─ color centers 
against the investigated magnetic field prior to measurement to allow 
retrieval of vector or gradient information. 

Here, we report on the development and testing of a simple and 
highly sensitive magnetometer employing anti-resonant fibers with their 
hollow cores functionalized with NV─ nanodiamonds. The silica hollow 
core fibers are functionalized with fluorescent nanodiamond particles at 
room temperature by depositing them on the inner surfaces of the air 
core from an isopropanol suspension. The magnetometer is shown to 
enable scalar magnetic field measurement using Optically Detected 
Magnetic Resonance (ODMR) with 400 nT/

̅̅̅̅̅̅
Hz

√
sensitivity, as well as 

gradient measurements without the need to neither pre-orient the dia-
mond crystalline axes nor to control their orientations against the 
investigated field. In addition to that, a microwave-free gradiometer 
operation is also demonstrated in a 35 mT dynamic range. 

2. Development of magnetically sensitive hollow core fibers 

The work began with the development of the hollow core fibers and 
their functionalization with nanodiamonds. An anti-resonant, tube-lat-
tice fiber structure has been selected [16,17]. The fiber was developed 
by stacking a preform with silica glass tubes, followed by drawing at a 
fiber drawing tower. The structural parameters of the preform and the 
drawing dynamics have been controlled to obtain thin capillary mem-
branes with as small membrane-to-membrane gaps as possible to assure 
broadband transmission at visible wavelengths [18]. In the case of our 
fiber, the diameter of the air core is 33 µm (diameter of a circle inscribed 
among the cladding capillaries), the capillary membranes are typically 
300 nm-thick, with a mean diameter of 21 µm and their spacing in the 
closest points of their circumferences is less than 3 µm. These geometric 
parameters enabled broad transmission windows in the spectral range of 
interest, specifically covering the green excitation and red fluorescence 
of the NV─ color centers in diamond, as shown in Fig. 1a. Recently, the 
nested capillary anti-resonant fiber design has been demonstrated to be 
the most successful in bringing the hollow core fiber attenuation close to 
the opto-telecommunications standards [19]. Here, a single capillary 
ring design has been implemented, because it simplifies the nano-
diamond deposition procedure. The number of capillaries was set to six 
as a compromise between the drawing complexity and the geometric 
and optical parameters available, which was validated with a similar 
design used in a previous work related to gas spectroscopy [20]. The 
developed fiber structure is shown in a scanning electron microscope 
image in Fig. 1b. Although the fiber was intrinsically multimoded, 
propagation with a mode field profile similar to the fundamental mode – 
as shown in Fig. 1c – was possible by adjusting the in-coupling 
condition. 

The fiber was functionalized with sub-micron diamonds with an 
average particle diameter equal to 750 nm (MDNV1um, Adámas 
Nanotechnologies). The concentration of the NV─ centers was experi-
mentally verified in our previous work at 3 ppm, which matches the 
vendor’s specification [9]. For the fiber functionalization procedure, the 

particles were suspended in isopropyl alcohol (IPA) at a concentration of 
0.05% (w/w). We have previously shown that these diamond particles 
produce high-quality suspensions with minimal agglomeration [9]. 
Before introduction of the suspension into the hollow core fiber, the 
suspension was homogenized in an ultrasonic bath for 45 min, while the 
fiber air core was flushed with pristine IPA for 7 min and dried (air 
pumped at 100 mBar for 10 min). In the next step, the diamond sus-
pension was pumped into the hollow core fiber at a constant pressure of 
500 mBar for 30 min with a microfluidic pressure controller (Fluigent, 
MFCS-EZ) and dried. This step was repeated once, that is, there were two 
infiltration sessions. Two fiber samples were prepared, each initially 
50 cm long. 

Prior to the discussion of the magnetometry and gradiometry results 
obtained with the fabricated hollow-core fibers, we move on to the 
presentation of the results on spatial, both transverse and longitudinal, 
mapping of the nanodiamond distribution within the fiber. This was 
performed using a confocal microscopy technique by recording three- 
dimensional scans with a commercial confocal microscope system 
(Olympus LV3000). A 10 mm long section of the hollow core fiber was 
placed on a microscope slide surrounded by immersion oil with a 
refractive index of n = 1.52. The nanodiamond mapping arrangement is 
schematically shown in Fig. 2a with the principal planes of the imaging 
marked. Fig. 2b,c show the actual images, obtained using the confocal 
microscope, of the two planes of the hollow core fiber sample with the 
nanodiamonds deposited inside the hollow core. The direction of 
propagation along the fiber was assigned as the Y-axis, while the 
transverse plane of the fiber was located in the XZ plane. 

The actual image of the fiber in the XY plane in Fig. 2c is an overlay 
of 141 individual images in this plane with a 0.5 µm step along the Z 
axis. The height of the obtained image is approximately 140 µm. The 
longitudinal distribution of the diamond particles in the hollow core was 
recorded for a 220 µm-long fiber section imaged within the microscope’s 
field of view. The diamond particles correspond to the bright, slightly 

Fig. 1. Anti-resonant hollow core fiber developed for the magnetometry and 
gradiometry experiments in this work: a) short-wavelength transmission spec-
trum, b) a scanning electron microscope image of the fiber’s structure and c) 
selectively excited fundamental mode field image. 
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blurred spots. The blur was caused by astigmatism and the mismatch of 
the refractive index between the fiber glass and the surrounding im-
mersion oil. In the image of the transverse plane of the fiber, shown in 
Fig. 2b, the diamond particles can be observed distributed mainly at the 
outside surface of the cladding capillaries, although single particles 
appeared occasionally also on the inner surfaces of the capillaries. The 
image is stacked over the 220 µm length of the fiber sample and was 
observed in the longitudinal plane. The dominating fraction of diamonds 
located on the outer surfaces of the cladding tubes rather than on the 
inner surfaces is assigned to the much larger diameter of the hollow core 
(33 µm) compared to the typical diameter of each of the individual 
capillaries of the cladding (21 µm) of the hollow core fiber used in these 
experiments. As a result, we anticipate that most of the nanodiamond 
suspension liquid flowed through the hollow core during the function-
alization. The imaging at both planes confirms that no significant ag-
glomerations occurred during the post-processing functionalization of 
the fiber, so that single diamond particles can be well distinguished. 

3. Magnetic field sensing and gradiometry experiments 

For the magnetometric experiments, we have applied the method-
ology of our earlier work [20] on films of arbitrarily oriented NDs 
containing NV centers, which showed that the width of magnetically 
broadened ODMR shapes enables the determination of magnetic fields. 
In the present work, with the use of a nanodiamond-functionalized 
hollow core fiber, the optical readout of the magnetic field was car-
ried out under 532 nm continuous-wave laser pumping (Sprout-G, 
Lighthouse Photonics Inc.). The pump light was in-coupled to the hollow 
core fiber through a microscope objective (Motic 40 ×, NA=0.65). NV─ 

fluorescence was outcoupled from the far end of the hollow core fiber 
with another microscope objective (Olympus 40 ×, NA= 0.75), while 
the 532-nm pump signal was filtered out with a 600 nm high-pass filter 
(FEL0600, Thorlabs). A Si avalanche photodetector (APD130A, 

Thorlabs) was used for the detection of the NV─ signal from the fiber. 
The used outcoupling optics setting assured correct illumination of the 
relatively small active area of the photodetector (active area diameter of 
1 mm). An effective fluorescence collection was possible in the 
600–800 nm spectral range with this arrangement. A microwave (MW) 
field at an oscillation frequency of around 2.87 GHz from a signal 
generator (SRS, SG386) was used to facilitate the ODMR measurements. 
A high-power amplifier (Mini-Circuits ZHL-16 W-43 +) was connected 
to a loop-gap like inductor structure (“antenna”) on a printed circuit 
board and placed under the hollow core fiber, Fig. 3 [22]. The recording 
of the ODMR signals was carried out using an oscilloscope, while the 
fluorescence spectra were collected with a compact Czerny-Turner 
spectrometer (AvaSpec-3648-USB2, Avantes). 

Magnetic field sensing performance of the functionalized hollow core 
fiber has been first verified in our work with continuous-wave ODMR 
measurements. The two implemented experimental configurations are 
shown in Fig. 3. In the first one, the 532 nm excitation light is provided 
from the side of the fiber and the detection is from the output of the 
fiber. In the second configuration, the fiber operated fully in a “trans-
mission” mode, i.e. green pump light was coupled at one end of the fiber 
and the NV─ fluorescence was collected from the far end of the fiber. The 
recorded fluorescence spectra were similar to those obtainable from 
bulk diamond when there was no magnetic field introduced in the setup, 
that is, we recorded a dip in the fluorescence dependence on the MW 
frequency when it matched the splitting between appropriate spin 
states. Frequently, such zero-field resonances are split into two com-
ponents which result from crystal strains (black traces in Fig. 3c and 
Fig. 3d). Furthermore, the spectra measured for non-zero fields were 
inhomogeneously broadened due to the random orientation of the 
nanodiamond particles deposited on the inner surfaces of the fiber’s air 
core [21]. Determination of the magnetic field vector is not possible 
using either of the ODMR measurement configurations shown in Fig. 3. 
The outer edges of the broadened ODMR resonance spectrum arise from 

Fig. 2. Confocal microscope scan of a section of the developed fiber: (a) schematics of the fiber sample with the imaging planes marked, (b) actual image of the 
diamond fluorescence recorded for the XZ plane (yellow dashed lines are guides for the eye, representing the fiber microstructure), and (c) from the YZ plane. 
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fluorescence of the NV─ color centers, which exhibit orientation 
matching the magnetic field direction, in other words, the projection of 
the magnetic-field vector is maximal along the axis of the NV─ color 
center. This enables accurate retrieval of the scalar information, i.e. the 
magnetic field intensity from the measured ODMR resonance spectra. 
The area of the broadened ODMR spectrum is approximately constant, 
so when the magnetic-field strength increases, the resonance amplitude 
decreases proportionally, which limits the range where the method can 
be applied. 

Fig. 4 shows the schematic of the geometric configurations of three 
distinct spectral recordings and the corresponding spectral characteris-
tics of the NV─ fluorescence collected from about 50-cm long hollow- 
core fiber under 532 nm excitation light. In the first configuration, the 
fiber operated in the full “transmission” mode, i.e. the excitation in- 
coupling and fluorescence out-coupling involved the far ends of the 
hollow core fiber – this is represented by the black trace spectrum in 
Fig. 4. The two other configurations involved excitation in-coupled to 
the guided mode of the fiber and collection through the fiber side (blue 
trace in Fig. 4) or provided excitation through the fiber side and 
collection of the NV─ fluorescence from the guided mode of the fiber. 
The reference NV─ fluorescence spectrum of the nanodiamond powder 
used in fiber functionalization was also recorded and is shown with a 
green trace in Fig. 4. No significant changes in the NV─ fluorescence 
spectrum were observed in the cases where the fluorescence was 
collected from the guided mode of the fiber. We explain this by the fact 
that the diamond particles were not embedded in the glass but instead 
deposited on the glass surface. This deposition was intentionally applied 
on the outer surfaces of the cladding capillary membranes to provide 
direct contact of the diamond particles with the guided mode, without 
interaction with the glass. Such an arrangement is unique to the hollow 
core fiber geometry reported in this work. In other approaches with fiber 
tip and fiber taper functionalization, whenever the mode is guided in a 
solid glass core, the NV fluorescence is exposed to interaction with the 

Fig. 3. a,b) The two excitation-collection geometries used in the scalar ODMR experiment with the developed hollow-core fiber probe, c,d) the corresponding ODMR 
traces recorded for different magnetic field strengths. 

Fig. 4. NV─ fluorescence spectra recorded from the hollow core fibers in three 
different excitation-collection geometries (red, blue, and black traces) and 
compared with a reference spectrum recorded for a sample of the nanodiamond 
powder used for the fiber functionalization (green trace). The top scheme shows 
the three excitation-collection geometries in which the NV─ fluorescence was 
recorded from the hollow-core fiber – the colors of the outgoing arrows rep-
resenting the outcoupled light match the trace colors in the plot. 
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fiber glass, resulting in transmission losses. The collection of NV─ fluo-
rescence through the hollow core fiber side in this work (blue trace in 
Fig. 4) was on the other hand accompanied by spectral broadening 
similar to the case of volumetric doping of the diamond particles into a 
step-index soft glass fiber core reported in our earlier work [9]. 

This part of the experiment with the functionalized hollow core fiber 
shows its advantage, which specifically combines mechanical fixation of 
the diamond particles, light coupling with the guided modes (under-
stood as both the coupling of excitation light to the diamond particles 
and the NV─ fluorescence collection into the guided modes), and rela-
tively low attenuation, enabling a reasonably long fiber sample length 
(around 50 cm). This is a fiber that is longer by at least a factor of 2, 
compared to the volumetrically nanodiamond-doped total internal 
reflection-based (TIR) fibers reported in our earlier studies [9,10] and 
matches the ring-shaped nanodiamond functionalized TIR fiber reported 
by the authors in Ref. [8]. Indeed, both in the hollow-core fiber reported 
here and in the fiber reported in Ref. [8], the nanodiamonds are located 
roughly in a circular area around the core. This leaves most of the mode 
area free of diamond particles, limiting the scattering loss and represents 
the main distinction between this hollow core fiber and the fibers re-
ported in Ref. [9,10] in which significant scattering loss limited the 
useful fiber length to around 20 cm. What makes the hollow core fiber in 
this work different from the solid-core ring-shaped diamond-doped area 
reported in Ref. [8] is the guiding mechanism (anti-resonant reflecting 
waveguide model in our case [23]) and the factor limiting the fiber 
length: in the case of soft glass TIR fiber, it is the attenuation, while in 
the case of the silica hollow-core fiber it is the uniformity of nano-
diamond deposition from a suspension. 

The magnetic sensitivity of the investigated probe was estimated 
following Ref. [24] as: 

ηCW ≈ F
h

geμB

Δδ
C

̅̅̅̅
N

√ (1)  

with Δδ being the ODMR line width, R the photon-count rate, C the 
ODMR contrast and the prefactor F depends on the specific resonance 
line shape and equals 4

3
̅̅
3

√ when a Lorentzian line shape is assumed, and 
N is the number of photons (around 6.6 × 107). Experimentally, sensi-
tivity is attributed to the ratio of contrast and the linewidth C

Δδ (around 
1.1 ×10− 8 1/Hz), that is, the steepest slope of the ODMR resonance line 
shape in non-zero magnetic field (when the ODMR slope is used in Eq. 
(1), the prefactor F is not included). Based on this set of experimental 
data, the projected magnetic sensitivity for the hollow-core fiber probes 
discussed in this work is around 400 nT/

̅̅̅̅̅̅
Hz

√
. 

4. Magnetic field gradiometry with randomly oriented spins 

The performance of the hollow core fiber in terms of sensitivity and 
the extractable level of NV─ fluorescence signal motivated us to explore 
its performance in magnetometry beyond the scalar ODMR measure-
ments. To verify the applicability of the fiber in magnetic field gradient 
measurements, we used two hollow core fiber samples functionalized 
with nanodiamonds. Each fiber was 40 cm long. The nanodiamonds in 
both fibers were deposited with random orientations, which resulted in 
inhomogeneous broadening of the ODMR shapes [21]. Continuous-wave 
optical excitation at a power level of 8 mW was delivered into the fibers 
through a 50:50 beam splitter and in-coupled using a pair of identical 
microscope objectives (Olympus, 10 ×, NA = 0.25). The fibers were 
arranged next to each other for as long a section as possible, keeping 
robustness in mind. The fiber terminations were placed in parallel one 
above the other with a 0.8 mm spacing below a permanent magnet. A 
N38 neodymium magnet was used with an outer diameter of 30 
± 0.1 mm, an inner diameter of 6 ± 0.1 mm, and a thickness of 35 
± 0.1 mm (height), which was along its magnetization direction. Light 
from these two fiber outputs was collected with a pair of identical mi-
croscope objectives (Olympus 4 × NA=0.14) and imaged onto a CMOS 

camera (complementary metal-oxide semiconductor sensor, IDS 
UI-3240CP-NIR-GL Rev.2) connected to a computer. The acquisition 
time for an image was set to 100 ms. Before going into the discussion of 
the experimental results, we carried out numerical simulation of the 
magnetic field distribution of the magnet, using the FEMM 4.2 software 
package [25]. We assumed a magnetic field distribution from the actual 
cylindrical neodymium magnet used in the physical experiments. This 
field distribution is shown in Fig. 5a. The solid horizontal red line 
schematically indicates the distance variable from the magnet over 
which the magnetic field was measured in the actual experiments. The 
corresponding data are plotted in Fig. 5b showing the decrease of 
magnetic field against the distance from the magnet. The solid trace 
represents numerically obtained magnetic field strength, while the black 
data points are field strengths actually measured with the Hall probe 
(LakeShore 410 Gaussmeter) in the physical setup with the two fibers. 
The minimum magnetic field strength at which our two-fiber detection 
setup physically enabled recognizing a magnetic field gradient in a 
microwave-free environment was 3 mT, which according to the simu-
lation corresponded to a 15 cm separation between the magnet and the 
closer of the hollow-core fibers of the fiber pair. 

The fluorescence intensity of the NV─ color centers in diamond de-
pends on the applied magnetic field, that is, it decreases with increasing 
intensity of the magnetic field [26]. In volumetrically 
nanodiamond-functionalized optical fibers, also the NV─ fluorescence 
drops with increasing magnetic field, and with previous realizations of 
such fibers, we have observed that the fluorescence decreased by 15% 
over around 35 mT field range in scalar measurements [9]. 

The evaluation of gradiometric performance of the hollow core fibers 
in scope of this work began with direct magnetic field measurements, i.e. 
without the presence of microwave field. Fig. 6a shows the experimental 
setup, a typical camera image showing the fiber outputs during a mea-
surement is shown in Fig. 6b. The experiment was carried out by grad-
ually decreasing the distance between the permanent magnet placed 
above the hollow core fiber pair. Specifically, the magnet was moved 
towards the upper hollow-core fiber from an initial distance of 18 cm 
(thus slightly outside of the magnet-to-fibers distance range of the setup 
for practical magnetic field gradient detection, as suggested by the nu-
merical simulations) to as close as 1 cm away from the fiber, facilitating 
the increasing magnetic field interacting with the fibers. A transverse 
probe magnetometer (LakeShore 410 Gaussmeter) was placed under the 
lower of the hollow core fibers to obtain a reference of the actual 
magnetic field intensity. A result of a typical magnetic field gradient 
recording without the presence of the microwave field is shown in 
Fig. 6c in the form of two traces. The black dotted trace represents the 
intensity of the NV─ fluorescence emanating from the fiber closer to the 
magnet, and the red dotted trace shows the data obtained for the fiber 
located further under the magnet. The data points recorded from the 
outputs of the fibers in a dynamic range up to around 35 mT show a non- 
zero differential indicating a magnetic field gradient between the two 
fiber outputs. The decrease in the fluorescence occurring for magnetic 
fields in the range from 0 to about 35 mT has been reported in many 
previous studies, most notably by Tetienne et al. in Ref. [27]. And 
indeed, in our data, shown in Fig. 6c, for higher magnetic fields, the data 
points representing the NV─ fluorescence intensity outcoupled from the 
two fibers are close to overlapping, because the field strength is large 
enough to saturate the NV─ fluorescence intensity decrease. The crossing 
of both fluorescence intensity traces against the magnetic field, shown in 
Fig. 6c as occurring at around 35 mT is the criterion which we used to 
determine the MV-free dynamic range of the developed fiber probe at 
0–35 mT. This experiment confirms that randomly oriented NV─ 

diamond-functionalized fibers have the potential to detect magnetic 
field gradients at the mT level. We note that, although there is a MW 
antenna included in the setup scheme in Fig. 6, in this part of the 
experiment the MWs were not applied, i.e. the MW antenna was not 
active. The information obtained is limited to a qualitative measure-
ment, i.e. “gradient detected”, however, the relatively simple 
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fiber-based magnetic field probe enables the demonstration of 
microwave-free performance that matches the dynamic range of oper-
ation of much more sophisticated single-crystal diamond sensors [28]. 

In order to demonstrate the retrieval of the actual magnetic field 
strengths, and thus their gradient, an ODMR-based experiment with 
MWs was carried out as well. A loop-type microwave antenna was 
placed close to the fiber outputs to enable simultaneous ODMR mea-
surement and observation of the two outcoupled fluorescence signals. 
The magnetic field strength was set to 3 mT, which corresponded to the 
minimum magnetic field strength at which our dual-fiber detection 
setup enabled recognizing a magnetic field gradient in the microwave- 
free environment (Fig. 6c). Taking into account also the results of the 
simulations discussed above, the position of the magnet was thus fixed at 

15 cm above the upper hollow-core fiber, in such a way that the axis of 
the magnet was directly over the hollow core fiber terminations. The 
microwave field was scanned between roughly 2.6 and 3.0 GHz, and the 
NV─ fluorescence intensities were recorded in increments of 1 MHz. 
Fig. 6d shows the recorded ODMR spectra: the measured data are rep-
resented by the solid points, while the traces are smoothed guides for the 
eye. The spectra reveal a strong inhomogeneous broadening as a 
consequence of the random orientations of nanodiamonds in the 
experiment [22]. In addition, a linear increase in the spectral broad-
ening was observed with the increasing magnetic field strength. This is 
assigned to the fact that the signals recorded at the extreme frequencies 
of the spectra relate to fluorescence from NV─ with orientation (i.e. the 
axis of the color center) corresponding to the longitudinal direction of 

Fig. 5. a) Simulated magnetic field distribution from a neodymium magnet obtained with the FEMM 4.2 software [25], b) The red trace represents the calculated 
magnetic field strength depending on the distance from the magnet, the distance range indicated with the solid red line in figure a); the black data points show 
measurement results with a Hall probe. 

Fig. 6. a) Experimental setup scheme used in the hollow-core fiber-based magnetic field gradiometry indicating the possible changes of a permanent magnet po-
sitions for controlling the magnetic field strengths, b) CMOS camera image of hollow core fiber outputs during operation, the distance between the fibers was 0.8 mm, 
the location of the magnet is schematically indicated at the top of the image c) Microwave-free, direct measurement of NV─ fluorescence level from both fibers for 
increasing magnetic field at the position of Fiber no. 2, d) ODMR spectra recorded for NV─ signals emanating from the two fibers. 
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the investigated magnetic field. 
The recorded ODMR spectra allowed the retrieval of the magnetic 

field strength at the two fibers and thus the magnetic field gradient with 
error tolerance of ± 0.3 mT. The measured gradient was around 0.9 mT/ 
mm. In the described experiment, spatial resolution was limited to the 
diameter of the hollow core fiber (about 125 µm). The set strength of the 
magnetic field of around 3 mT – measured at 3.4 mT at one fiber and at 
2.7 mT at the other, met the criterion of the minimum detectable 
magnetic field gradient under the conditions of this particular experi-
ment. These conditions were determined by numerical simulations with 
the parameters of the available magnet and took into account the min-
imum magnetic field strength and separation of the fiber probes from the 
field source. During the ODMR-based measurements of the magnetic 
field gradient, we observed that for magnetic fields weaker than about 3 
mT, the slopes of the ODMR traces become indistinguishable, making 
the magnetic field determination with formula (1) no longer reliable. 

Increasing of the magnetic field by moving the magnet closer to the 
fiber probes resulted in flattening of the ODMR slopes and dramatic 
degradation of the signal-to-noise ratio. Examples of the ODMR traces 
measured for these situations are shown in Fig. 7. They were measured 
in three ranges of magnetic fields: 5.5–6.5 mT, 5.1–5.9 mT, and 1.3–1.4 
mT. In all of these cases, the magnetic field strength was established in a 
reference measurement using the transverse probe magnetometer, 
except for the case of 2.7–3.4 mT shown in Fig. 6d, where it could be 
reliably extracted from the ODMR traces using formula (1). 

We note that this proof-of-concept measurement leaves room for 
improvement, specifically by including the functionality of scanning the 
magnetic field along the fiber, that is, allowing the establishment of the 
magnet’s location along the fiber. A hypothetical realization of such an 
experiment in future work could involve, e.g. a microwave antenna 
located along the entire length of the fibers and optical readout being 

realized by longitudinally scanning an optical detector along the side of 
both fibers. 

5. Discussion and conclusions 

The recent literature reports sub-nT sensitivity in tip-coated nano-
diamond fiber probes with complex collection optics for operation on 
highly localized targets [29,30]. This highlights the importance of 
sensitivity improvement in fiber probes, which enables distributed 
magnetic field sensing as well. Volumetrically functionalized nano-
diamond fibers operating in full transmission mode, that is, with fluo-
rescence excited, collected, and guided along the optical fiber core, have 
achieved single μT/

̅̅̅̅̅̅
Hz

√
level sensitivities before [8,9] which is already 

an order of magnitude improvement over the previous nanodiamond on 
fiber taper or fiber tip demonstrations [21,31,32]. Sensitivities in the 
nT/

̅̅̅̅̅̅
Hz

√
have so far been reported for fiber probes functionalized with 

nanodiamonds in the bulk of the core in the case of side NV─ fluores-
cence collection, e.g. 650 nT/

̅̅̅̅̅̅
Hz

√
for the fiber reported in Ref. [8500] 

nT/
̅̅̅̅̅̅
Hz

√
in full transmission mode in our previous report on a suspended 

core fiber with nanodiamonds in the core volume [10]. In comparison to 
these two realizations, the hollow core fiber brings a further enhance-
ment of sensitivity to 400 nT/

̅̅̅̅̅̅
Hz

√
in full transmission mode of opera-

tion. The advantages of the hollow core fiber geometry are not limited to 
the achievable sensitivity, which we would tentatively assign to 
decreased scattering loss, compared e.g. to fibers in Ref. [9,10], and the 
likely higher concentration of nanodiamond particles than in the fiber in 
Ref. [8]. The fiber probe demonstrated in this work is essentially a silica 
glass fiber as opposed to the soft glass fibers in the previous demon-
strations and can be easily integrated with larger sensor devices using 
fusion splicing. The room-temperature post-processing functionalization 
protocol employed here in the nanodiamond deposition enhances the 

Fig. 7. ODMR traces recorded in the hollow core fiber magnetic field gradiometer setup for magnetic field strength in the ranges of 5.5–6.5 mT, 5.1–5.9 mT and 
1.3–1.4 mT. 
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diamond survivability and does not preclude the introduction of dia-
mond particles with biologically modified surfaces for realization of 
microfluidic sensing modalities. 

The developed fiber probe was used in a magnetic field gradiometry 
experiment involving a differential measurement of the ODMR spectra 
and a microwave-free, direct magnetic field measurement. In particular, 
no effort was put into pre-orienting the NV─ color centers or the entire 
fiber probes against the investigated field. Significant progress has been 
reported in the community for magnetic field vector and gradient 
measurements with nT-level precision at highly localized targets, 
employing single-crystal diamond or nanodiamond sensors and the 
ODMR approach. In some cases, like magnetic switching in advanced 
spintronics computing applications, robust and accurate optical 
readout-based measurement of mT-scale magnetic fields can be very 
convenient [33]. In this context, the nanodiamond-functionalized hol-
low core fibers combine the flexibility and distributed magnetic field 
sensing functionality with the maturity of the silica glass technology and 
the simplicity of the fiber probe fabrication. The distributed sensing here 
means that a magnetic field gradient can be detected at mT field 
strengths with roughly 100 µm spatial resolution and the ease of 
room-temperature post-processing preparation of the fiber enables 
implementation of different diamond particles at high concentrations 
and high survivability. Although highly sensitive single-crystal diamond 
sensors with a determined NV─ color center orientation have been re-
ported [28], the possibility of separating the measurement target and 
the magnetic field readout point by macroscopic distances (corre-
sponding here to the length of the fiber probes that guide the NV─ light) 
potentially makes magnetically sensitive hollow core fiber probes an 
attractive alternative to more complex sensors that require NV─ color 
center orientation and complex collection and scanning optics. 
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R. Bogdanowicz, M. Klimczak, Volumetric incorporation of NV diamond emitters in 
nanostructured F2 glass magneto-optical fiber probes, Carbon 196 (2022) 10–19. 
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