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The electron spin of nitrogen--vacancy (NV) centers in diamond offers a solid-state quantum bit and enables
high-precision magnetic-field sensing on the nanoscale. Implementation of these approaches in a fiber
format would offer unique opportunities for a broad range of technologies ranging from quantum
information to neuroscience and bioimaging. Here, we demonstrate an ultracompact fiber-optic probe
where a diamond microcrystal with a well-defined orientation of spin quantization NV axes is attached to
the fiber tip, allowing the electron spins of NV centers to be manipulated, polarized, and read out through a
fiber-optic waveguide integrated with a two-wire microwave transmission line. The microwave field
transmitted through this line is used to manipulate the orientation of electron spins in NV centers through
the electron-spin resonance tuned by an external magnetic field. The electron spin is then optically
initialized and read out, with the initializing laser radiation and the photoluminescence spin-readout return
from NV centers delivered by the same optical fiber.

ue to their remarkable electron-spin properties, nitrogen-vacancy (NV) centers in diamond offer a unique

solid-state system for quantum science and technologies' . The electron spin of NV centers in diamond

display an extraordinarily long-lived coherence even at room temperatures'®, enabling coherence-con-
trol-enhanced quantum data processing™. NV centers have been shown to allow the creation of efficient and
stable solid-state single-photon sources and to offer unprecedented opportunities for bioimaging®’, highly
sensitive nanoscale magnetometry®'’, thermometry of single living cells", as well as high spatial and temporal
resolution imaging of neural activity".

Many of the emerging unique NV-diamond-based technologies call for suitable fiber solutions that would open
the ways toward the development of a new class of quantum information devices and sensors for a broad range of
applications, including high-precision magnetometry, bioimaging, neurosciences and medical diagnostics. To
achieve this goal, however, several challenging issues have to be addressed. First, technologies allowing NV
centers to be coupled with optical fibers need to be developed. Second, fiber-optic delivery of the readout laser
radiation has to be combined with fiber-optic collection of fluorescence from NV centers and fiber-optic trans-
mission of this fluorescence signal to an optical detection system. Finally, the bidirectional fiber-optic delivery of
the readout field and the fluorescence response needs to be integrated with efficient transmission of microwave
radiation to the tip of the fiber probe.

Here, we demonstrate an ultracompact fiber-optic platform that offers solutions to all the above-listed pro-
blems, allowing the electron spin of NV centers in diamond deposited in the tip of an optical fiber to be
manipulated, polarized, and read out using the fiber-optic delivery of optical radiation integrated with a specially
designed transmission line for microwave fields. The microwave field transmitted through this line, running
along the optical fiber, induces the electron spin resonance (ESR) in the spin-triplet ground state of NV centers in
diamond deposited on the fiber tip. The ESR, tuned by an external magnetic field, is read out, through the optical
fiber, via the spin-dependent photoluminescence (PL) of NV centers excited by visible laser radiation, delivered
by the same optical fiber.

Our experiments were performed using NV centers in diamond crystals approximately 250 pm in
diameter, attached to the tip of a multimode optical fiber (Fig. 1a). While the earlier studies have demon-
strated the possibility of embedding diamond nanoparticles into specially designed, photonic-crystal'>'* and
tapered'® optical fibers, in this work, microcrystals of diamond, irradiated with MeV electrons and annealed
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Figure 1| Electron spin manipulation, polarization, and readout through an optical fiber. (a) Diagram of the experimental setup: PD, photodiode; MW,
microwave source; CS, source of dc current; PC, computer; DAC, digital-to-analog converter; Lock-in, lock-in amplifier; L, lens. The inset sketches an
optical fiber integrated with a short-circuited two-wire microwave transmission line and with a diamond microcrystal attached to its tip. Also shown are
the lines of the microwave field induced by the wires and the loop short-circuiting the transmission line. (b) A nitrogen atom (N) and a vacancy (V)
forming an NV center in a diamond lattice, consisting of carbon (C) atoms. Four possible arrangements of the N'V axis with respect to the crystal lattice of
diamond are shown. (c) Diagram of energy levels involved in electron-spin spectroscopy. The ground state of NV centers in diamond is a spin-triplet state
with a zero-field splitting € = 2.87 GHz. When tuned to the ESR frequency €, a microwave field efficiently transfers population from the m, = 0 to the
mg = *1 state. An optical pump at 532 nm couples the *A ground electronic state to the *E excited state, giving rise to photoluminescence, shown by the
red line, featuring a characteristic zero-phonon line at approximately 637 nm, which is observed in the spectrum of photoluminescence (shown on the left)
against a broad phonon-sideband line, stretching down to 800 nm. An external magnetic field removes the degeneracy of the m; = *1 state and induces a
Zeeman frequency shift 20w between these sublevels. A substantial fraction of the m, = *1 excited-state population is transferred to the m, = 0 ground
level via a metastable 'A singlet state. (d—h) Steps 1-5 of fiber-probe fabrication, as described in the Methods section. The scale bar is 200 pm.

(i, j) The maps of the Y/(r, z) function (i) and the PL spin-readout return function H(r, 2){ (r, z) (j) for the fiber-optic probe used in the experiments.

to a typical density of NV centers on the order of 10" cm ™, were

attached to the tip of an optical fiber for enhanced coupling of H=pzgBS+D {Sé — M} +E(Sx—S7). (1)
the fluorescence spin readout to the guided modes of the fiber 3
probe.

The spin part of the electron Hamiltonian of an NV center in the ~ where p is the Bohr magneton, g = 2 is the electron g-ratio, D and E
presence of an external magnetic field B is written as**'¢ are the zero-magnetic-field splitting parameters, S; (j = X, Y, Z) are
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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
(Fig. 1b). The first term in Eq. (1) describes the Zeeman effect in an
external magnetic field, which is observed against zero-field splitting
due to the crystal field, governed by the second and third terms in Eq.
(1), dominated by the splitting Q; = D/h =~ 2.87 GHz (h being the
Planck constant) between the m; = 0 spin state and the twofold-
degenerate m, = =1 state (Fig. 1¢).

The electron spin of the ground-state triplet of NV centers is
manipulated by a microwave field through the ESR. The microwave
field is delivered to the diamond microcrystal with NV centers
through a two-wire transmission line, running along the optical fiber
(the inset to Fig. 1a) and consisting of a pair of copper wires 50 pm in
diameter each. The procedure used to integrate a fiber-optic probe
with a microwave transmission line and an NV-diamond microcrys-
tal (Figs. 1d-1h) is described in the Methods section below. The two-
wire transmission line is short-circuited with a loop, winding around
the fiber tip (the inset to Fig. la) and inducing a microwave field
distribution with a maximum at the location of diamond microcrys-
tal. When tuned to the ESR frequency Q,, this microwave field effi-
ciently transfers population from the m; = 0 to the m; = *1 state
(Fig. 1¢), thus manipulating spin orientation.

Optical initialization of NV centers in diamond is provided by the
50-mW, 532-nm second-harmonic output of a continuous-wave Nd:
YAG laser, which is delivered to the diamond microcrystal attached
to the tip of the fiber, along the 200-pum-diameter core of the fiber
probe (Fig. 1a). This laser radiation couples the *A ground electronic
state to the *E excited state, giving rise to photoluminescence (the red
line in Fig. 1c), featuring a characteristic zero-phonon line, which is
observed at approximately 637 nm at room temperature against a
broad phonon-sideband line, stretching down to 800 nm (Fig. 1c,
left). The photoluminescence emitted by laser-initialized NV centers
within the 630-800-nm wavelength range is collected by the same
optical fiber, providing a high efficiency of photoluminescence col-
lection (see Fig. 1i and the Methods section) due to its high numerical
aperture (NA = 0.22), and is transmitted through this fiber to the
detection system, consisting of a silicon photodiode, a low-noise
preamplifier, and a lock-in amplifier (Fig. 1a).

For NV centers in the m, = %1 state, the photoluminescence yield
is lower than that typical of NV centers in the m, = 0 state, because a
substantial fraction of the m; = *1 excited-state population is trans-
ferred to the m; = 0 ground level via a metastable singlet state (the 'A
state in Fig. 1¢). This pathway does not contribute to the 630-800-nm
photoluminescence band, allowing optical detection of ESR with the
spin state read out from the intensity of the photoluminescence
signal. An external magnetic field B removes the degeneracy of the
ms = *1 state and induces a Zeeman frequency splitting AQ;,
between the m, = *1 sublevels (Fig. 1c). Since the photolumines-
cence from mg = *1 levels is weaker than the photoluminescence
from mg = 0 states, the Zeeman-shifted sublevels are observed as B-
dependent features in the intensity of photoluminescence Ip; mea-
sured as a function of the microwave frequency Q (Fig. 2a).

The C;, symmetry of the crystal lattice of diamond dictates four
possible orientations of the spin quantization axes (shown by axes 1,
2,3, and 4 in Fig. 2b) relative to the crystal lattice. The plane defined
by one pair of these axes (axes 1 and 2 in Fig. 2b), oriented at an angle
&~ 109.4° with respect to each other, is perpendicular to the plane of
the other two axes (axes 3 and 4 in Fig. 2b), which make the same
angle ¢ =~ 109.4° with each other. Since four orientations of NV axes
in the diamond lattice define four polar angles 0; (i = 1, 2, 3, 4)
between an external magnetic field B and each of the NV axes, it is
convenient to describe B in a Cartesian system of coordinates where
the x-, y-, and z-axes are introduced in such a way (Fig. 2b) that two of
the four spin quantization axes (axes 1 and 2) lie in the xy-plane, the
z-axis is perpendicular to this plane, and the y-axis is chosen along
the bisector of the angle between the other two spin quantization axes

(axes 3 and 4 in Fig. 2b) and belongs to the plane defined by these
quantization axes.

The polar angle 0 of a magnetic field B relative to the z-axis of this
system of coordinates and the azimuthal angle ¢ of this field mea-
sured in the xy-plane (Figs. 2b, 3b) can be then expressed through the
polar angles 0; between B and the four NV axes (i = 1, 2, 3, 4) in the
diamond lattice as cos), = sinfsin(e/2 — @), cost, = —sinfsin(e/2 +
®), cosl; = cos(e/2)sinfsing + sin(&/2)cosl, and cosfl, = cos(e/
2)sinfsing — sin(e/2)cos0, with the angles 0; meeting an obvious
identity Zj_l cos 0;=0.

The characteristic equation for the spin Hamiltonian (1) with E <

D yields the following solutions'® for the magnitude of the magnetic
field, B, and each of the polar angles 0;:

1
5= leggz (Qi‘ +Q§i — Q0 *Dz) —E, (2)

7D’ +2(Q; +Q,) [2(Q, + Q) — 50,0y, —9E?] —3D(Q}, + 9, — Q) Q,, +9E?)

cos(20;)=
) 9D(OF, + 0%, — 0, 2, — D 3

.(3)

where Q;; and Q,; are the frequencies of the Zeeman-split ESR
peaks in Ip; (€2) spectra corresponding to four (i = 1, 2, 3, 4) orienta-
tions of the NV axis in the diamond lattice.

It is straightforward to see from Eq. (2) that, once the Ip;(Q)
spectrum in the absence of an external magnetic field has been mea-
sured, the magnitude of the magnetic field can be reliably determined
from the best fit of Ip;(Q) spectra measured in the presence of an
external magnetic field. Since the positions of four Zeeman peaks
have to be simultaneously fitted using B as a single fitting parameter
(Fig. 2¢), this procedure enables a high-fidelity determination of B.
Finding the orientation of B is, however, less straightforward. Since
the four NV axes are physically indistinguishable, an auxiliary bias
magnetic field of known orientation would be generally needed to
determine the absolute orientation of B.

With a diamond microcrystal fixed on the tip of an optical fiber,
the orientation of the spin quantization axes needs to be determined
relative to the fiber axis. To this end, the intensity Ip;, of the spin-
dependent photoluminescence from NV centers was measured as a
function of the frequency Q of the microwave field used to modulate
the ESR in the presence of an external magnetic field B directed along
the fiber axis (Fig. 2b), with the polar and azimuthal angles of the
fiber axis relative to the crystallographic z-axis being equal to 0¢ = 0
and ¢r = @. As can be seen from Fig. 2a, the Ip; () dependences
measured through the optical fiber with a diamond microcrystal
attached to its tip exhibit four well-resolved peaks on either side of
the central ESR frequency Qg =~ 2.87 GHz. Each of these peaks
represents a projection of the external magnetic field on one of the
four spin quantization axes, with its frequency shift increasing with
B, as shown in Fig. 2c. With each Zeeman-shifted peak approximated
with a Gaussian spectral profile, the best fit for the frequency shifts of
all the four peaks measured as functions of the magnitude of the
external magnetic field is achieved (solid lines in Figs. 2a and 2c)
with 0y = 0 = 24° and ¢y = ¢ = —56°.

With the orientation of spin quantization axes defined, the mag-
nitude of an external magnetic field B with unknown orientation and
variations in its orientation can be measured with a high accuracy
from the shifts of the Zeeman peaks in the Ip; (Q) spectrum. Figure 3a
presents the results of experiments performed with an external mag-
netic field lying in the xz-plane and making an angle 0 =~ 8° with the
z-axis of our crystallographic system of coordinates (Fig. 3b). A
magnetic field with such an orientation has two pairs of equal com-
ponents along the NV axes — one pair of components along NV axes
1 and 2 and the other pair along the axes 3 and 4. With such an
orientation of the external magnetic field, the number of nonequal
field projections on the NV axes is reduced, and the photolumines-
cence intensity measured as a function of the microwave frequency
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Figure 2| (a) Intensity of photoluminescence from NV centers as a function of the frequency of the microwave field inducing the electron spin resonance
in the presence of a variable magnetic field B applied along the axis of the optical fiber. (b) Orientation of the fiber axis and the magnetic field (green line)
and four N-V axes (axes 1-4). The x-, y-, and z-coordinate axes are related to the crystal lattice with NV axes 1 and 2 lying in the xy-plane, the z-axis
perpendicular to this plane, and the y-axis chosen along the bisector of the angle between NV axes 3 and 4 and belonging to the plane defined by these axes.
(c) The frequencies of the four pairs of the Zeeman-shifted peaks as functions of the magnitude of the magnetic field: (dots) experimental data and
(solid lines) calculations using the model described in the text with B treated as a fitting parameter.

features only two pairs of Zeeman-shifted features on either side of
the ESR frequency (Fig. 3a). The standard theory of Zeeman splitting
applied to NV centers in diamond provides an accurate fit for the
positions of all the peaks measured as functions of the magnitude of
the external magnetic field (cf. the dots and solid lines in Fig. 3c),
verifying the ability of the fiber-optic probe for magnetic field
sensing.

To summarize, we have demonstrated an ultracompact fiber-optic
probe where a diamond microcrystal with a well-defined orientation
of spin quantization NV axes is attached to the fiber tip, allowing the
electron spins of NV centers to be manipulated, polarized, and read
out through a fiber-optic waveguide integrated with a two-wire
microwave transmission line. The microwave field transmitted
through this line is used to manipulate the orientation of electron
spins in NV centers through the electron-spin resonance tuned by an
external magnetic field. The electron spin is then optically initialized
and read out, with the initializing laser radiation and the photolu-
minescence spin-readout return from NV centers delivered by the

same optical fiber. The specific scheme of fiber-optic ESR spectro-
scopy demonstrated in this work is not designed for the highest
sensitivity of magnetic field sensing, which can be achieved using,
e.g., properly optimized optical and microwave spin-echo pulse
sequences. However, it offers the key elements enabling ESR magne-
tometry, all integrated in the fiber format.

Methods

Fabrication of fiber-optic probes. The fiber-optic probes used in experiments were
fabricated under a 4X microscope with a working distance of 25 c¢m following the
procedure described below.

Step 1: Use an optical fiber with a core diameter of 200 pm and a cladding diameter
of 220 pum. Remove protective polymer coating off the fiber. Use a ruby cutter for
high-quality cuts on both ends of the fiber (Fig. 1d). The length of the fiber can be
varied within a broad range, from a few centimeters to a few meters, depending on the
experimental arrangement. Experiments presented here were performed with a 25-
cm-long fiber probe.

Step 2: Use fine mechanical tweezers to place a diamond microcrystal on the tip of
the fiber and fix it with a cyanoacrylate glue (Fig. 1e). Wait approximately an hour
until the glue solidifies.
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Figure 3| (a) Intensity of photoluminescence from NV centers as a function of the frequency of the microwave field inducing the electron spin resonance
in the presence of a variable magnetic field B oriented as shown in panel (b). (c) The frequencies of the two pairs of the Zeeman-shifted peaks as functions
of the magnitude of the magnetic field: (dots) experimental data and (solid lines) calculations using the model described in the text with B treated

as a fitting parameter.

Step 3: Position a 50-pm-diameter copper wire perpendicular to the fiber near the
fiber tip, as shown in Fig. 1f, and fix the central part of the wire to the fiber with a
cyanoacrylate glue. Wait approximately an hour until the glue solidifies.

Step 4: Use fine mechanical tweezers and/or a metal needle to bend the copper wire
around the fiber (Fig. 1g).

Step 5: Use fine mechanical tweezers and/or a metal needle to bend the copper wire
on either side of the fiber in such a way as to align the wire with the fiber (Figs. 1g, 1h).
Adjust the length of the copper wire to match the required length of the fiber probe
and to minimize impedance mismatch. Fix this wire arrangement with a cyanoa-
crylate glue. Wait approximately an hour until the glue solidifies.

Optical initialization and collection of the photoluminescence spin readout
signal. Optical initialization of NV centers in diamond is provided by the 50-mW,
532-nm second-harmonic output of a continuous-wave Nd: YAG laser, which is
delivered to the diamond microcrystal attached to the tip of the fiber, along the 200-
um-diameter core of the fiber probe (Fig. 1a). The photoluminescence emitted by

laser-initialized NV centers within the 630-800-nm wavelength range is collected by
the same optical fiber (Figs. 1a, 1i, 1j).

The ability of the fiber probe to collect the photoluminescence spin readout signal
from NV centers is quantified in terms of the total power of the PL signal collected by

0 ©

the fiber probe, which is written as'” Poc 6Ny, [ dz [ H(r,2)y(r,z)rdr, where o is
0o 0
the absorption cross section, # is the PL quantum yield, N, and H(r, z) are the
maximum density and the spatial distribution of NV centers in the diamond
microcrystal, 7 is the transverse coordinate measured from the axis of the fiber probe,
z is the longitudinal coordinate measured from the output end of the fiber probe, I, is
the intensity of laser radiation at the center of the beam at the output end of the fiber
probe, ie,atr = 0andz = 0,(r,z) = ¢(r, 2)f(r, 2) I(r, 2), p(r, z) is the efficiency of PL
signal collection by the fiber probe, f(r, z) is the factor including the divergence of the
laser beam, T(r, z) is the attenuation factor due to the absorption and scattering of
laser and PL radiation, respectively. The product H(r, 2){(r, z) under the integral
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quantifies the contribution of an infinitesimal volume inside a diamond microcrystal
centered at r and z to the total PL return collected by the fiber probe.

. . 1/2
For a fiber probe with a numerical aperture NA = (nf — n%) 2 where n; and n, are

the refractive indices of the fiber core and cladding, respectively, we find ¢(r, z) = {1
— [1 — (NA/ny)*]"?}/2, where ny is the refractive index of the ambient medium. Since
attenuation is negligible for our experimental conditions, we set T(r, z) = 1. The NV
centers are assumed to be uniformly distributed over the diamond microcrystal, with
the H(r, z) function taken to be equal to 1 inside diamond and 0 otherwise. Laser beam
divergence at the output of the fiber probe is included through

f(rz)= afn (ztan 04+ ay,) ~2, where a,, is the effective fiber mode radius and 0 is the
divergence angle of the laser beam.

As can be seen from Fig. 1i, which shows the map of the Y(r, z) function, the NA =
0.22 optical fiber used in our experiments, due to its large core diameter, provides an
almost uniform illumination of the diamond microcrystal attached to its end, as the
typical longitudinal scale of beam divergence is much larger than the size of the
diamond microcrystal (shown by a dashed contour line in Fig. 1i). This translates into
an almost uniform distribution of the PL return signal within the diamond micro-
crystal, as shown in Fig. 1j. The PL return signal collection efficiency, { = {1 —
cos[arcsin(NA)]}/2, provided by our NA =~ 0.22 fiber probe is estimated as { = 0.01.
This is to be compared with the highest { values, { = 0.28, attainable in an oil-
immersion-free confocal-microscopy arrangement with extremely high-NA (NA =~
0.9) objectives.

Characterization of diamond microcrystals. Diamond microcrystal
characterization prior to fiber experiments included the assessment of the density of
NV centers in a microcrystal. To this end, a diamond microcrystal was illuminated by
532-nm second-harmonic output of a continuous-wave Nd: YAG laser. The laser
beam was focused on the microcrystal using a microobjective. The beam waist size of
laser radiation was adjusted to be about 1 mm in order to provide a uniform
illumination of the diamond microcrystal. The PL response of NV centers was
collected with an NA = 0.2 lens, yielding a ratio of the PL power from NV centers to
the power of laser radiation on the order of 10~°. With a typical absorption cross
section ¢ = 3-107" ¢cm* and quantum yield 5 = 0.1 of NV centers in a diamond
microcrystal with a volume of 1.5-107 cm’, this translates into a density of NV
centers on the order of 10** cm ™.

Microwave transmission line. A two-wire microwave transmission line used to

deliver the microwave field to a diamond microcrystal on the tip of an optical fiber
(the inset to Fig. 1a) consists of a pair of copper wires running on either side of the
optical fiber. The diameter of each wire is d = 50 pm. The distance between the wires
is S = 130 um. The length of the transmission line was varied from 15 to 50 cm. For
the 20-cm-long transmission line used for the measurements presented here, the

characteristic impedance of the transmission line, Z  (¢,,)~"*acosh(S/d), where &,
is the permittivity of the dielectric medium surrounding the wires, is estimated as Z =~

190 Ohm. The transmission loss of this line is oq = 0.47 m™".

Microwave excitation of electron-spin resonance. The microwave field is delivered
by a compact microwave source with a typical output power up to 2 mW (e.g., a
MiniCircuits ZX95-3100-S+ voltage-controlled oscillator), generating a microwave
current tunable within the range of frequencies from 2.3 to 3.1 GHz with a step of
about 1 MHz. The frequency of the microwave output is modulated with the use of a
digit-to-analog converter controlled by home-made dedicated software. In
experiments presented in this paper, the modulation frequency was f,, = 1.13 kHz.
The lower frequency of the microwave output was set at 2.3 GHz, while the upper
frequency was scanned from 2.5 to 3.1 GHz. The microwave output was coupled to
the two-wire microwave transmission line, integrated into the fiber-optic probe,
through a standard microwave coaxial cable and an SMA connector, soldered to the
copper wire of the transmission line.

Detection of the photoluminescence spin readout. The photoluminescence spin
readout signal from NV centers in a diamond microcrystal attached to the tip of the
optical fiber is captured by the fiber probe and delivered to a detection system
consisting of a silicon photodiode, a low-noise preamplifier, and a lock-in amplifier
(Fig. 1a). As the upper frequency of the modulated microwave output is tuned to the
ESR frequency Q,, the photoluminescence signal starts to oscillate at the frequency f,,,,
allowing lock-in amplification of the detected signal. To this end, the signal from the
silicon photodiode is preprocessed with a low-noise preamplifier, allowing noise
reduction, and detected with a lock-in amplifier at the frequency f;,. The residual
noise of this detection system translates into an error in Zeeman peak frequency
measurements (Figs. 2b, 2¢, 3b, 3c) of 10-200 kHz, depending on the type of
photodiode and amplification regime.
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