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Fiber-optic magnetometry with randomly oriented spins
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We demonstrate fiber-optic magnetometry using a random ensemble of nitrogen-vacancy (NV) centers in nanodia-
mond coupled to a tapered optical fiber, which provides a waveguide delivery of optical fields for the initialization,

polarization, and readout of the electron spin in NV centers.
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A nitrogen-vacancy (NV) color center in diamond is a
unique solid-state quantum system [1-3], where the elec-
tron spin can be manipulated, polarized, and read out at
room temperature using electromagnetic fields. Due to
their remarkable electron-spin properties, NV centers
offer much promise as solid-state qubits [2-5], single-
photon sources [6], efficient contrast agents for superre-
solution optical microscopy [7,8], quantum sensors for
nanoscale thermometry of living cells [9], and photosta-
ble, nonbleaching markers for bioimaging [10]. The sen-
sitivity of the electron spin in an NV center to an external
magnetic field has been recently shown to enable a new
approach in magnetometry, allowing weak magnetic
fields to be detected and imaged with an unprecedented
spatial resolution and a remarkable sensitivity [11-14].

Integration of NV-based quantum sensors with optical
fibers would be tremendously beneficial for a broad class
of applications of NV-center-based magnetometry, in-
cluding quantum technologies, neurosciences, and bio-
medical diagnostics. As a part of the earlier work in
this direction, a variety of technologies enabling the em-
bedding of diamond nanoparticles with NV centers into
specially designed optical fibers have been developed
[16-17] and ultracompact fiber-optic probes integrating
NV quantum sensors with a waveguide delivery of optical
and microwave fields have been demonstrated [18].

In the well-established protocol of NV-center-based op-
tical magnetometry, NV spins with well-defined orienta-
tion, found in single NV centers [13,14] or NV centers in a
crystal lattice [12], serve as ultrahigh-precision magne-
tometers. In this work, a different approach to NV-center-
based optical magnetometry is demonstrated and
implemented in the fiber format. We will show below in
this Letter that ensembles of randomly oriented NV spins
can enable, when manipulated by a microwave field, a
compact and practical, albeit less sensitive scheme of
optical magnetometry, which is ideally suited for fiber-
format metrology and tip-assisted ultrahigh-resolution
microscopy. While in the earlier demonstration of NV-
based magnetometry with nanodiamond-covered tapered
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fibers [17], a single-NV-center spin was initialized by a
free-space laser beam, our experiments show that, with
a careful discrimination of the spin readout return against
the background emission from the fiber, nanodiamond-
covered tapered-fiber probes can support a full wave-
guide coupling of excitation and readout radiation to the
spins of multiple NV centers, providing a waveguide deliv-
ery of optical fields for spin initialization, polarization, and
readout. Moreover, the optical readout return from multi-
ple NV centers has a much higher intensity, compared to a
single NV center, simplifying the detection of this signal.
Finally, experiments presented below in this Letter show
that tapered-fiber probes coupled to multiple NV centers
with randomly oriented spins provide a noticeably higher
sensitivity of magnetic-field measurements relative to a
tapered-fiber probe with a single NV center.

In our experiments, tapered fibers were produced by
heating and drawing conventional telecommunication
optical fibers on a standard fusion fiber splicer to fiber
taper waist diameters ranging from 0.5 to 5 pm and coni-
cal transition lengths from 0.05 to 10 mm. Nanodiamond
with NV centers was deposited on the fiber taper
[Figs. 1(a) and 1(b)] as the fiber was dipped into a water
suspension of diamond nanoparticles with an average
diameter of 300 nm and a relative size variance of about
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Fig. 1. Sketch (a) and a microscope image (b) of a fiber taper
covered with diamond nanoparticles with NV centers. (c) Dia-
gram of energy levels of an NV center involved in magnetic-field
sensing.
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30% and dried out at an elevated temperature during
four hours.

For optical initialization of NV centers in nanodiamond,
the 50-mW, 532-nm second-harmonic output of a continu-
ous-wave Nd: YAG laser is coupled to the tapered-fiber
probe through a standard fiber-optic coupler and is deliv-
ered to the nanodiamond-coated fiber taper, propagating
first through the intact optical fiber region and then down
the conical transition of the taper [Figs. 1(b) and 2]. This
laser field couples to NV centers in nanodiamond through
the evanescent field of fiber-taper modes [Fig. 2], promot-
ing electrons from the 3A ground state to the °E excited
state [Fig. 1(c)] and giving rise to photoluminescence (PL)
of NV centers. The PL emitted by laser-initialized NV cen-
ters within the 630-800-nm wavelength range [Fig. 1(c)] is
evanescent-field-coupled to the fiber taper and is deliv-
ered to a photodetection system in the opposite direction,
first along the fiber taper and then through the intact
stretch of the optical fiber (Fig. 2). The PL readout is
coupled out of the tapered-fiber probe through a standard
fiber coupler. The detection system used in our experi-
ments consists of a silicon photodiode, a low-noise pre-
amplifier, and a lock-in amplifier. Since standard fiber
couplers are used to couple optical radiation in and out
of the tapered-fiber probe, no extra requirements to the
accuracy of optical adjustment or the acceptable level
of mechanical vibrations are imposed, except those typi-
cal of a standard fiber-optic experiment.

In Fig. 3(b), we present the spectrum of the PL re-
sponse from NV centers in nanodiamond deposited on
the fiber taper measured in a separate experiment, where
a freely propagating 532-nm laser beam was focused on
the nanodiamond-covered fiber taper and the PL signal
was collected by a free-space lens [Fig. 3(a)]. This PL
spectrum exhibits a characteristic zero-phonon line at ap-
proximately 637 nm, observed against a broad phonon-
sideband line, stretching down to 800 nm. When the fiber
probe is used to deliver the 532-nm laser beam [Fig. 2],
the PL signal from NV centers is partially masked by
intense background emission from the optical fiber in-
duced by 532-nm radiation, which considerably modifies
the spectra recorded in experiments [Fig. 4(a)]. Experi-
ments with an external magnetic field B help discrimi-
nate the B-dependent part of the recorded spectra (cf.
red and green lines in [Fig. 4(a)]) and quantify the level
of background, which is estimated at approximately 30%
of the total recorded signal within the 630750-nm wave-
length range. For accurate magnetic field measurements,
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Fig. 2. Waveguide delivery of optical fields for the initializa-
tion and readout of the electron spin in NV centers using a
nanodiamond-covered tapered fiber. The microwave field is
delivered through a microstrip transmission line.
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Fig. 3. Characterization of the PL response from NV centers in
nanodiamond deposited on the fiber taper: (a) sketch of the ex-
periment and (b) the spectrum of the PL response from NV cen-
ters in nanodiamond deposited on the fiber taper measured
using a free-space 532-nm laser beam, as shown in panel (a).

the spectrum of background emission was subtracted
from the spectra of the overall return signal delivered
by the fiber probe to the detector.

The electron spin of the ground-state triplet of NV cen-
ters is manipulated in our scheme of fiber-based optical
magnetometry using a microwave field, generated by a
compact microwave source with a typical output power
up to 0.5 W. The microwave field is delivered to the nano-
diamond-covered fiber taper through a microstrip trans-
mission line (Fig. 2), consisting of a 50-um thick and
1-mm wide copper-foil strip on top of an Al,O5 substrate,
which separates the strip from a copper ground-plane
layer.

To separate the spin readout signal from the intense PL
background, readily seen in Fig. 4(a), a rectangular
modulation with a frequency f,, ~ 1.13 kHz is applied to
the frequency of the microwave output using a digit-to-
analog converter, controlled by homemade dedicated
software. The frequency of the modulated microwave
output changes periodically in a rectangular fashion from
its minimum at 2.3 GHz to its maximum value scanned
from 2.5 to 3.1 GHz. A lock-in amplifier is then used to
retrieve a signal at f,, ~ 1.13 kHz from the overall PL re-
turn, thus discriminating the modulated spin readout
against the constant PL background.

When tuned to the electron spin resonance (ESR) fre-
quency £, the microwave field efficiently transfers pop-
ulation from the mg = 0 to the m; = %1 state [Fig. 1(c)].
For NV centers in the m, = 11 state, the PL yield is lower
than that typical of NV centers in the m, = 0 state, be-
cause a substantial fraction of the m; = +1 excited-state
population is transferred to the m, = 0 ground level via a
metastable singlet state (the A state in [Fig. 1(c)]). This
pathway does not contribute to the 630-800-nm PL band,
allowing optical detection of ESR with the spin state
readout from the intensity of the PL signal. An external
magnetic field B removes the degeneracy of the m, = £1
state and induces a Zeeman frequency splitting AQ, be-
tween the mg; = 1 sublevels [Fig. 1(c)].

In the case of a single NV center, when the spin-quan-
tization axis has a well-defined orientation relative to an
external magnetic field, these Zeeman-shifted sublevels
are observed as well-resolved B-dependent features in
the intensity of photoluminescence Ip;, measured as a
function of the microwave frequency Q, making a single
NV center an ideal quantum magnetometer. In an ensem-
ble of randomly oriented NV centers, however, the



projection of the magnetic field on the spin quantization
axis is different for individual NV centers [Fig. 1(a)]. Asa
result, the Zeeman-shifted components related to various
orientations of NV centers are no longer resolved in the
Ip, () spectrum, but merge together in an inhomogene-
ously broadened feature [Fig. 4(b)].

To understand how the magnetic field can be retrieved
from such spectra, we resort to the spin Hamiltonian of
an NV center [12-14], which, in the presence of an exter-
nal magnetic field B, is written as Hg = uggBS +
hD[S% - S(S + 1)/3] + hE(S% - S2), where yup, is the Bohr
magneton, k is the Planck constant, g ~ 2 is the electron
gratio, D and E are the zero-magnetic-field splitting
parameters, and S;(j = X,Y,Z) are the projections of
the electron spin S on the principal Cartesian coordinate
axes X, Y, Z, with the Z-axis chosen along the N-V axis.
The first term in this Hamiltonian describes the Zeeman
effect in an external magnetic field, which is observed
against zero-field splitting due to the crystal field, gov-
erned by the second and third terms in Hg, dominated
by the splitting Q; = D ~ 2.87 GHz between the m; = 0
spin state and the twofold-degenerate m, = +1 state.

The characteristic equation for the spin Hamiltonian
H, yields the following solution for the magnitude of
the magnetic field [14]: B? = RPuz g72[(Q2 + Q3 -
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Fig.4. (a) The spectrum of the PL response from NV centers in
nanodiamond deposited on the fiber taper measured with a fi-
ber delivery of both the 532-nm laser beam and the PL spin read-
out signal, as shown in Fig. 2, with an external magnetic field
B ~ 5 mT (redline) and B = 0 (green line). (b) The spin readout
return measured (circles) and calculated (solid lines) as a func-
tion of the frequency of the microwave field with both the
532-nm laser beam and the PL spin readout signal delivered
through the tapered fiber for B = 0 (blue), 1.2 mT (green),
and 3.0 mT (red). The upper panel shows the frequencies Q;
and Q, calculated using the characteristic equation for H, as
functions of the angle 6§ between the magnetic field B and
the axis of the NV center.
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Q,Q, — D?)/3 — E?], where Q; and Q, are the frequencies
of the Zeeman-shifted ESR peaks in Ip(€2) spectra. Re-
markably, while the frequencies Q; and €, depend on the
angle 6 between the magnetic field B and the NV axis
[Fig. 1(a)], the value of B dictated by each pair of €,
and Q, remains invariant. This property of the spin
Hamiltonian allows the entire Ip,(2) spectrum measured
for an ensemble of randomly oriented NV spins to be fit-
ted (solid lines in the lower panel of Fig. 4(b)) using B as
a single fitting parameter.

In Fig. 4(b), we present Ip;(2) spectra measured
through the fiber-optic probe with a nanodiamond-
covered fiber taper for different magnitudes of an exter-
nal magnetic field. All these spectra are seen to broaden
with increasing B and to feature a well-resolved dip at the
center along with intense wings, followed by steep edges
at large Q. These properties of Ip,(€2) spectra can be
understood in terms of the characteristic equation of
the spin Hamiltonian H,, which allows two Q solutions
for each 6 angle, defining two branches of the Q(6) func-
tion (the upper plot in Fig. 4(b)), corresponding to the
frequencies Q5 of the Zeeman-split ESR pairs in the
Ip,(Q) spectrum. These two branches of the Q(6) func-
tion are separated by a gap, which is mainly controlled
by the D parameter (as D > FE in our case) and defines
the zero-field splitting of the Ip;,(Q2) spectrum. This gap
translates into a dip, which is clearly resolved in the cen-
tral part of all the experimental Ip;,(€2) spectra (the lower
panel in [Fig. 4]).

In experiments, an external magnetic induces a notice-
able shift of this gap, which is fully consistent with the
properties of the Q, () solutions dictated by the char-
acteristic equation of H, (cf. the upper and lower panels
in [Fig. 4(b)]). Steep outer edges of the Ipy (€2) spectra at
large Q in Fig. 4(b), on the other hand, can be understood
in terms of the density of Q; , states in the 6 phase space,
controlled by the factor dQ2/df. As can be seen in the
upper panel in Fig. 4(b), this derivative reaches its maxi-
mum at € ~ 0, # for both branches of Q(6), i.e., for NV
spins parallel or antiparallel to the external magnetic
field, providing the maximum density of €, , states per
unit volume in the 6 phase space.

Fast magnetic-field sensing is carried out in our experi-
ments by extracting B from measurements performed at
a single frequency €, corresponding to a maximum
steepness of the Ip},(Q) spectrum. For B ~ 0.1 mT, a fiber
probe with a taper waist diameter of 1 pm and a taper
length of 0.3 mm yields (dlp,/0Q)/Qy ~ 180 pV/MHz.
The standard deviation of the PL signal due to the overall
noise is estimated as ¢ ~ 75 pV in this regime for mea-
surements performed within a sampling time 7, = 1 s,
which translates into an error of o/(dlp;,/0Q) /Ry ~
0.4 MHz in frequency definition and an uncertainty 6B ~
16 pT in the magnetic field. The sensitivity of magnetic-
field measurements in this regime is thus estimated as
n ~ 8B,7y/* ~ 16 T - Hz"V/2. This sensitivity is noticeably
higher than the sensitivities of magnetic-field measure-
ments (57-58 pT - Hz 1/?) attainable with a single-NV-
center tapered-fiber magnetometer [17]. Much higher
sensitivities, at the level of a few fT-Hz'/2, can be
achieved with ensembles of oriented NV centers in dia-
mond [12] and with magnetometers based on supercon-
ducting quantum interference devices (SQUIDs) [19].
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However, the scheme of optical magnetometry demon-
strated here offers significant advantages due to its ultra-
compact fiber-taper design and compatibility with
ultrahigh-resolution fiber-tip scanning technologies.

The stability of the attachment of diamond nanopar-
ticles to the fiber taper is verified by the PL intensity from
NV centers collected from the fiber taper, which de-
graded by less than 10% within four months of measure-
ments. This change in the PL intensity translated into a
10% lowering in the accuracy of magnetic field measure-
ments. However, it did not give rise to any systematic
errors in magnetic-field measurements.

Tapered-fiber probes with taper waist diameters rang-
ing from 0.5 to 5 pm and taper lengths ranging from 0.05
to 3 mm yield different PL intensities in the optical read-
out. However, the magnetic fields retrieved from mea-
surements performed with all these fiber probes vary
only within the limits of experimental errors as specified
above. As a consequence, variations in the ambient
temperature change the PL intensity in the optical
readout, but do not give rise to systematic errors in
magnetic-field measurements beyond those resulting
from the =75 kHz/K shift of the zero-field magnetic
resonance [20].

To summarize, we have demonstrated that ensembles
of randomly NV spins can enable a compact and practical
scheme of optical magnetometry, which is ideally suited
for fiber-format metrology and tip-assisted ultrahigh-
resolution microscopy. In the scheme of optical magne-
tometry presented in this Letter, tapered optical fibers
covered with NV-doped diamond nanoparticles are used
as fiber probes, providing a waveguide delivery of optical
fields for the initialization, polarization, and readout of
the electron spin in NV centers.
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