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Versatile Quadrature Antenna for Precise Control of Large

Electron Spin Ensembles in Diamond

Ruben Pellicer-Guridi,* Koen Custers, Joseba Solozabal-Aldalur, Alexey Brodolin,
Jason T. Francis, Miguel Varga, Asier Mongelos, Jorge Casanova, Margarethus M. Paulides,

and Gabriel Molina-Terriza

An easily reproducible inexpensive microwave antenna that can generate a
strong and homogeneous magnetic field of arbitrary polarization is presented,
which enables fast and coherent control of electron spins over a large volume.
Unlike preceding works, a resonant antenna with ample optical access and
which maintains its resonant behavior regardless of the proximity of other
experimental hardware components is presented. This robustness is crucial
as it enables using microscope objectives with short working distances to
perform wide-field imaging/sensing with bulk diamonds. The antenna
generates a magnetic field strength of 22.3 A m~" for 1 W total driving power,
which doubles the power efficiency compared with previously reported patch

1. Introduction

Nitrogen-Vacancy (NV) centers in diamond
have emerged as a promising platform for
quantum sensing due to their exceptional
properties, such as long coherence times
even at room temperature, high sensitiv-
ity, and nanoscale spatial resolution. They
have been used to detect various physical
quantities, including magnetic and electric
fields, temperature, and strain.l!l Further-
more, their robustness, wide working tem-
perature range and optical addressability

antenna designs. The magnetic field homogeneity in a volume of 0.3mm?,
0.6mm? and Tmm? is within 3%, 8% and 14%, respectively. The antenna can
be driven off-resonance without affecting the ellipticity and inhomogeneity of
the field, and has a full-width-at-half-maximum bandwidth of ~200 MHz. Its
resonant frequency can be tuned over a 400 MHz range via varactors. The
PCB files are provided open-source. This work facilitates a robust and versatile
piece of instrumentation, being particularly appealing for applications such as
high sensitivity magnetometry and wide-field imaging/sensing with

nitrogen-vacancy centers.

make them attractive candidates for prac-
tical applications in diverse fields such as
materials science, biomedicine, and funda-
mental physics.['=3

The negatively charged (NV~) confor-
mation is the most explored configura-
tion due to its remarkable optical and spin
properties,l*l and will be referred to as NV
during the rest of this manuscript. In this
configuration, a valence electron and an ex-
tra electron form a spin pair S=1 that
holds a spin triplet with state m;=0,+1
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or —1. Initialization and readout of the spin state are commonly
done with a green laser and spin control is achieved via mi-
crowave (MW) fields.’! This control is enabled by the Zeeman
effect by which the m, = +1 spin states are energetically sepa-
rated in the presence of an external magnetic field. This energy
gap between the electron spin states enables the manipulation of
spin states into an arbitrary superposition with m; = 0, +1 and —1
by means of MW fields. The energy gap between the three elec-
tron spin states depends on the external magnetic field following
the simplified electron spin Hamiltonian

H=DS -yB-5§ 1)

where D = 2.87 GHz is the zero-field splitting parameter, § is the
vector of spin operators and y, = 2.8 MHz G~! is the gyromag-
netic ratio of the electron.[®)

Working near the degeneracy conditions of the m; = +1 states,
e.g., without an externally provided bias magnetic field,/”! hin-
ders spin control as linearly polarized MW fields cannot address
the m, = +1 states individually without introducing strong con-
straints in pulse sequences.[®] Conversely, circularly polarized
MW fields can act selectively on m, = +1 or m, = —1 states de-
pending on the direction of the polarization.[’!

In this context, the design and the characteristics of the MW
antenna used for NV center experiments play a crucial role in
achieving efficient and precise manipulation of the NV center’s
spin states. Besides generating a strong magnetic field, providing
a MW antenna with the capability of generating highly homoge-
neous fields and arbitrary polarization greatly enhances its poten-
tial. The homogeneity is crucial as large ensembles of NV centers
can be advantageous for several applications, i.e., vector mag-
netometry determining both direction and magnitude of mag-
netic fields simultaneously, %! parallel sensing in different spatial
locations for imaging applications,''l improving measurement
sensitivity by averaging the responses of multiple NV centers, 2]
NMR spectroscopy with NV ensembles,*] etc.

When employing single NV centers it is a common practice to
use a simple straight wire or a loop to generate the MW fields,
but these antennas are not suitable to control NV ensembles as
their fields possess large spatial variations. Furthermore, it is
more difficult to achieve orthogonality between the MW mag-
netic field and that of the external static one at the location of
the NV center.['*15] Whilst several MW antennas have been pro-
posed to address these homogeneity limitations, most are limited
to generating linearly polarized fields.[16-20]

Regarding the arbitrary polarization capability, this is particu-
larly appealing as it can selectively deactivate interactions from
the -1 or the +1 spin populations via applying a clockwise or
an anti-clockwise circularly polarized field. Several approaches
have been proposed that are capable of generating circularly po-
larized MW magnetic fields but with reduced field homogene-
ity. A pair of wires aligned either orthogonally or perpendicularly
has been used to generate circularly polarized magnetic fields.
Such designs based on thin straight wires are placed a few pm
away from the NV centers to achieve high magnetic field ratios
and suffer very high spatial inhomogeneity.[?"2?! Wide bandwidth
microstrip resonators have been proposed on standard PCBs!?3
and on optically transparent conductive materials,!?*! with the for-
mer blocking the optical access from one face of the diamond
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and the latter enhancing this access at the expense of requiring
non-standard manufacturing processes and materials. These mi-
crostrip designs improve the homogeneity in the plane parallel to
the surface. However, they still present large field variations along
the direction orthogonal to the microstrip, constraining the effec-
tive volume homogeneity.!?]

Having a MW antenna capable of generating strong and ho-
mogeneous circularly polarized fields remains being a challenge.
Resonant antennas can offer a solution to covering a large vol-
ume with a strong and homogeneous field.!?>?°] Yet, the designs
proposed to date have important limitations that severely hinder
their applicability such as their resonant behavior being heavily
affected by components in their proximity, which is indispens-
able for the antenna to work reliably.['>?°] A dielectric ceramic res-
onator with tailored high dielectric constant has been proposed,
which achieves a Rabi frequency of 3.9 MHz W~'/2, and a full
width at half maximum bandwidth (FWHM) of 140 MHz at 2.67
GHz (estimated from the S-parameters), and an excellent the-
oretical inhomogeneity of 4% (reported as standard deviation)
over a cylindrical volume of 5.9 mm? (measured ~ 7.3% over
0.45 mm?).2%] Unfortunately, this design is limited by design to
a fixed resonant frequency. Moreover, this ceramic resonator is
non-trivial to reproduce as it relies on being able to manufacture
on a special substrate, which is out of the reach of most labs. Addi-
tionally, its homogeneity volume is more than 2.5 mm away from
the optical access faces restricting its use to specialty microscope
objectives with ultra-long working distance.

A planar design was proposed with very appealing properties
such as an actively re-tunable resonant frequency and seamless
reproducibility with standard PCB materials and manufacturing
processes.!®] This previous reference work featured 165 MHz
FWHM (estimated from the S-parameters) and enabled a Rabi

frequency of 0.8 MHz (v/W)~1.125) However, this design shows
a strong shift in the resonant frequency of ~70 MHz due to the
position of an objective lens, only offers optical access from one
side, and has considerably worse inhomogeneity. To the best of
our knowledge, no resonant MW antenna capable of generating
circular polarization has been reported that is robust against ex-
ternal hardware components commonly employed with NV cen-
ter setups. Furthermore, none of the above works analyze im-
portant features such as the field strength when working off-
resonance and the ellipticity over the volume of interest, which
are crucial for their usability.

Here we present an efficient quadrature MW antenna that
maintains its calibrated resonant behavior regardless of the con-
figuration of its neighboring setup components. This largely re-
duces setup constraints otherwise introduced by antennas whose
behaviour is dependent on nearby elements,[?] and enables dy-
namic configurations such as scanning movements of micro-
scope objectives. Furthermore, the design proposed here comple-
ments the benefits of the design of Herrmann et al.?°! with en-
hanced optical access, power efficiency, and reproducibility. The
antenna has been tested numerically and experimentally to val-
idate its reflection and transmission coefficients, magnetic field
amplitude and homogeneity, and power dissipation. Moreover,
we show that the S-parameter curves are not a precise indica-
tor of how the magnetic field strength changes with frequency.
Similarly, unlike preceding works, we also analyze the elliptic-
ity and inhomogeneity of the field over a volume of interest in
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off-resonance conditions, and show that this design maintains
fine response over large volumes of NVs even at frequencies far
from resonance. Being aware that MW antennas are one of the
few elements not available off-the-shelf, we offer open-source the
files required to reproduce the antenna and accelerate scientific
progress and reproducibility.!?’”] Thereby, given its performance,
versatility, robustness and accessibility, this antenna can be the
go-to solution for many NV setups in many labs.

2. Design Materials and Methods

2.1. Antenna Design

The antenna has been designed to generate strong and homo-
geneous circularly polarized fields while providing ample optical
and mechanical access and fabrication simplicity. The planar ge-
ometry of the circular patch antenna together with the through
hole to host the diamond facilitates easy access space on both
sides of the PCB so other setup components, like microscope ob-
jectives with short working distances or samples to be analyzed,
can be brought in close proximity to the diamond. This design
also offers more flexibility when designing optical path configu-
rations because optical pumping and fluorescence collection can
be performed from both faces of the diamond. The resonant fre-
quency of the prototype is designed to be 2.86 GHz. However,
to enable efficient control of the m; = 0 < -1 transition, the
resonant frequency can be tuned to lower frequencies by adding
capacitors to the antenna. As mentioned earlier, two important
design constraints are achieving a high field strength and high
homogeneity over a large volume in the diamond. Importantly, to
harvest the highest signal-to-noise ratio, the location and shape
of this volume should be such that it can be optically addressed
in a manner that the NVs contained in the optimally controllable
volume are all interrogate at once, while minimizing the fluores-
cence from NVs not contained in this volume.

An electromagnetic field simulation software (CST Studio
Suite 2023, Dassault Systemes, Vélizy—Villacoublay, France) is
used to optimize antenna design parameters. An initial geom-
etry is estimated from analytical expressions for circular patch
antennas derived in ref. [28]. The antenna is sized to match its
first resonant mode TM,;, to the desired MW frequency. This
mode induces the most homogeneous and the largest magnetic
field that is achievable with this type of circular antenna.[?®] Its
corresponding resonant frequency is estimated by:

_ 1.8412¢
1mo = - —
2rmaq/e,

where c is the speed of light, a is the radius of the antenna and
€, is the permittivity in the dielectric material, also called the
dielectric constant. The TM,;, mode presents the highest mag-
netic field at the center of the antenna. Therefore, the position-
ing for the diamond has to be chosen accordingly. Other higher
frequency modes could be excited but these will result in a lower
and less homogeneous magnetic field. The antenna is designed
with a square hole, so that it can host a diamond as large as
3 x 3 x 0.5 mm?, which covers most commercially available sin-
gle crystal samples. The effect of the size of the hole on the reso-
nant frequency is minor as long as its size remains considerably

() (2)
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Figure 1. Simulated antenna for MW excitation of the NV center. It con-
sists of a circular patch with two feeding ports. The PCB is double-sided
with a bottom copper plane covering the whole PCB area, excluding a cen-
tered square through hole that contains an embedded bulk diamond.

smaller than the size of the patch. The size of the hole can be tai-
lored to trade field homogeneity by field strength; a larger hole
creates a more homogeneous field at the expense of reducing the
field strength.

The simulations also include the diamond material with the
aforementioned size, a dielectric constant e, of 5.7, and placed in
the center of the hole. For an antenna resonant at 2.86 GHz, the
outer diameter of the patch is a = 14.12 mm, the quarter wave-
length transmission line is 12,46 mm long and 0.53 mm wide,
the copper thickness is 0.035 mm, and the FR4 is 1.55 mm thick.
A quarter wavelength transmission line is used to match the
impedance of the circular patch antenna to the 50 Q of the trans-
mission chain. This enables efficient power transfer and high sig-
nal integrity. The feeding ports are connected to the outer edges
of the circular patch, allowing surface currents to run through
the patch without disturbance. This configuration ensures that
the strongest magnetic field is created in the middle of the patch.

Due to its common availability, we have chosen FR-4 as PCB
substrate, which has an e, of 4.4. According to Equation (2), by
changing the dielectric constant, the size of the patch of the an-
tenna will change proportionally with the factor of \/e_, . Reducing
substrate thickness also increases the magnetic field, but consid-
erably penalizes the homogeneity along the Z direction. Coax-
ial 50  SMA connectors are used for signal launch to the PCB,
minimizing power reflections and providing a robust and repro-
ducible performance. The antenna is visualized in Figure 1.

2.2. Simulation Results

In Figure 2 and Figure S1 (Supporting Information) we present
the simulations performed under different input polarization
conditions. According to the simulations shown in Figure 2, for
the circular polarization mode, the inhomogeneity is within 14%
in a 1 mm? cylinder (500 pm height and 800 pm radius). For
smaller volumes of 0.6 mm? and 0.3 mm?, the inhomogeneity is
within 8% and 3% respectively. In linear polarization modes (see
Figure S1, Supporting Information) the inhomogeneity is lower
in the xy plane direction orthogonal to the axis of the feeding port,
e.g., in the figure the feeding port is along the x = 0 axis, leading
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Figure 2. Simulated H-field for circular polarization mode. Cross-
sections of the H-field on x, y, and z planes in the middle of the diamond.
The values correspond to RMS values for 0.5 W per port fed with a 90°
dephase between them.

the y = 0 axis to have lower inhomogeneity. The field strength
is most homogeneous near the center of the diamond in the xy
plane, which also holds a local minimum for this plane. In the
z axis, the field is the strongest and most homogeneous around
the center of the PCB depth. We found no significant difference
in field strength and homogeneity between having a round or a
square central hole.

The spatial distribution of the magnetic field strength along
the X and Y dimensions is elliptical, as can be seen in Figure S1
(Supporting Information). This ellipticity is similar on both ports
but rotated by 90° according to the spatial location of each port.
The combination of the contribution of both ports generates a
more circular RMS magnetic field as shown in Figure 2.

The RMS magnetic field values in the center of the region of
interest is 22.8 A m~! RMS for 1 W total driving power in both
driving modes, as visualized in Figure 2 (see also Figure S1, Sup-
porting Information, for the linearly polarized field map).

Figure 3 shows that the direction of the linearly oscillating
magnetic field is parallel to the x axis when the port along the
x = 0 axis is fed. Similarly, the field oscillates parallel to the y
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Figure 3. Arrow plot visualizing the direction of the H-field for linear polar-
ization mode evaluated at the center of the diamond on the planes perpen-
dicular toy (A) and z (B). The arrows show that the field is highly aligned
in the x direction when driving the port along the x = 0 axis.
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Figure 4. Plots of the E-field outside the antenna. The near field contour
plot (A) and the far field plot (B) show that the external E field is mainly
constrained to the top of the patch, which minimizes its coupling to exter-
nal components in all other directions.

when feeding through the other port along the y = 0 axis. Com-
bining both feds with a dephase of 90° generates the circularly
polarized field.

As shown in Figure 4, the near and far electric fields extend
almost exclusively beyond the boundaries of the body of the an-
tenna on the side of the patch, with the ground plane acting as a
shield for the other side. This largely minimizes any coupling that
external elements could have with the antenna on any side other
than the top of the patch. This ensures that once the response of
the antenna is characterized, the user can approach the integra-
tion of the antenna on the setup without affecting its behavior.
It should be noticed that the antenna is sensitive to elements on
the patch side.

The H field remains within 3 dB over 192 MHz, which is sig-
nificantly higher than the 120 MHz estimated from the reflection
coefficient as can be seen in Figure 5A. In this figure, the esti-
mation based on the S-parameters (red curve) has been derived
assuming that the H-field strength is proportional to the square
root of the non-reflected power, method which in this case intro-
duces a 30% underestimation of the bandwidth (BW).

The ellipticity of the circularly polarized field is calculated by
the difference between the long and the short axes of the elliptical
precession of the MW vector field, and divided by the mean value
of the field magnitude. Figure 6 visualizes the contour plots of the
ellipticity in percentage along the center of the hole. Figure 7 visu-
alizes the deviation isosurface plots for both inhomogeneity and

A) 1 — acwalrfiels B), [ reterradaietdinnaiatae
c —— Est. from S11
S = | e Inhomog. <3%  —— Ellipt. <3%
E 08 £ o8 - Inhomog. <8%  —— Ellipt. <8%
= £ -+ Inhomog. <14% —— Ellipt. <14%
o 206 -
Bo6 @ 06| ISR
2 3
I Soa
E04
o 120 MHz
e [ PSS S S S
0.2 / 192 MHz 021 awrws
25 2.7 2.8 2.9 31 2.80 2.85 2.90 2.95
Freq. (GHz) Freq. (GHz)

Figure 5. Plots showing the dependence of the H-field magnitude, the
inhomogeneity and the ellipticity on off-resonance use with an antenna
tuned to 2.86 GHz. A) Comparison between the 3dB BW for the H field
calculated directly versus the widespread practice of estimating it from
the S-parameters under the assumption that the H-field is proportional to
the square root of the absorbed power. The latter one underestimates the
BW by 30% in this case. B) Plots indicating the volume within a contained
deviation of inhomogeneity and ellipticity when driven off-resonance. The
dotted and the continuous lines indicate the volume within inhomogene-
ity and ellipticity thresholds, respectively, for deviations smaller than 3%,
8%, and 14%.
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Figure 6. Simulated ellipticity map showing the spatial distribution of the
deviation from circular polarization. The green lines visualize the direction
of the long axis of the ellipticity and their length is proportional to the
ellipticity.

ellipticity. Importantly, the low inhomogeneity and the low ellip-
ticity contours have a large part of their volume in common, as
can be inferred from Figure 7. The volume quantities are shown
in Figure 5B for the deviation thresholds of 3%, 8%, and 14%.
This last plot shows how the inhomogeneity and the ellipticity
are affected when driving off-resonance an antenna tuned to 2.86
GHz, with only the 3% inhomogeneity volume (black dotted line)
presenting substantial changes at low frequencies.

3. Experimental Validation

3.1. Antenna Fabrication and Electrical Characterization

An antenna designed to host a 3 x 3 x 0.5 mm? diamond size is
built on a double-sided standard FR-4 PCB (Figure 9B). A com-
mercially available diamond sample containing a high density
(~4.5 ppm) of NV centers (DNV™ B14, Element Six Ltd, UK) is
embedded in the hole of the MW antenna. Two high-frequency
SMA PCB edge launch connectors (ref. 142-9701-811, Cinch Con-
nectivity Solutions, USA) are soldered onto the PCB, which are
non-magnetic to minimize any distortion of DC fields when per-
forming magnetic field measurements.

To drive the antenna in a linearly polarized mode, a MW drive
signal is fed through one of the ports. To generate the circularly

A) Inhomogeneit)?\[\

B) Ellipticity

21 1 e o
0.5 05
15 15 05 15

Deviation (%)
5 10 15 20
15715 W 1 45
Figure 7. Isosurface plots of the inhomogeneity A) and the ellipticity B)
volumes for 5% and 10% deviation. The rectangular black frames delimit
the edges of the hole in the antenna.
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Figure 8. Plots of the measured and simulated reflection and transmis-
sion parameters of the antenna. A) Plots of the measured and simulated
reflection and transmission parameters of the antenna. The resonant fre-
quency is 55 MHz lower in the manufactured antenna (2.809 GHz) as
compared with the simulations (2.864 GHz). The reflection parameters
of the manufactured antenna are —14 dB as compared with the theoretical
—41 dB of the simulations. The transmission parameters are below —22
dB in all cases. Both ports of the manufactured antenna show a very sim-
ilar response (blue and red lines). B) Measured reflection coefficients of
the antenna under different conditions. The black dotted curve shows the
behaviour of the antenna under standard operation conditions. The red
line shows the antenna when the microscope objective is placed against
the ground plane. The overlap between the dotted black line and the red
line shows no change in the resonant frequency, confirming the robust-
ness of the antenna to external hardware components approached from
the ground plane. The green line visualizes the tunability of the antenna
via lumped capacitors, in this case 5 pF. The blue line shows the effect of
temperature on the behaviour of the antenna, where a change from 22°C
to 40°C decreases the resonant frequency by 16 MHz.

polarized modes, the MW drive power signal is split into two
90° phase shifted signals with a 90° phase shifting power split-
ter (ZX10Q-2-34-S+, Mini-circuits, NY, USA), outputs of which
are connected to the two ports of the antenna. The power fed to
each port is balanced in amplitude with an adjustable attenua-
tor and calibrated in phase via an adjustable phase shifter. Right
or left circularly polarized fields are generated by swapping the
order of the cables at the power splitter. A vector network ana-
lyzer (Fieldfox N9912A, Keysight, USA) is used to measure the
reflection (S11 and S22) and transmission (S21 and S12) coef-
ficients of the antenna, and to calibrate the power delivered to
the antenna. The results of these measurements can be observed
in Figure 8A. Overall, the experimental and simulated S param-
eters agree qualitatively. However, a small shift in the expected
resonant frequency of the antenna and a worsening of the reflec-
tion coefficient can be observed. The simulated and measured re-
sponse time of the antenna is 2 ns, which corresponds to a quality
factor of 17.6 and a Full width at half maximum (FWHM) of 120
MHz®! and is in good agreement with the frequency response
reflected in Figure 8A.

We have also tested the antenna under different conditions, to
observe the resonant behaviour of the antenna (Figure 8B). For
example, we have added SMD capacitors of 5 pF with case code
0603 (1608 metric) to the antenna for lowering the resonance fre-
quency of the MW antenna from 2.81 to 2.41 GHz. This config-
uration reduces the resonant frequency by 400 MHz, which is
equivalent to a dynamic range of almost 15 mT for the DC exter-
nal magnetic field. It should be noted that the efficiency of the
antenna is reduced by half when capacitively tuned to 2.41 GHz.

One important feature of this antenna is that it is very stable
under changes in external conditions. For example, in Figure 8B
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Figure 9. Simplified schematic and overview of the confocal microscope
and picture of the antenna. A) Overview of the confocal microscope em-
ployed to evaluate the MW antenna, with emphasis on the optical com-
ponents. Shown are the pumping path (green laser), the confocal reading
path (red and yellow), the permanent magnets array and the MW antenna.
B) Photograph of the MW antenna during a measurement.

it can be observed that the features of the antenna do not change
atall even if the optical microscope is in contact with the antenna.
Also, changes in the temperature have a small effect on the reso-
nant behaviour of the antenna.

3.2. Setup

An optical setup is built to evaluate the manufactured MW an-
tenna prototype. The setup allows sweeping through the volume
of the diamond. The simplified schematic of the system can be
found in Figure 9A. A green laser (iBeam-smart, 515 nm, Top-
tica, Germany) is used to excite the NV centers. The position of
the antenna is determined by a micro-positioner that is program-
matically controlled in the x, y and z-axes (X-NA08A25-E09 Zaber,
Canada and SPM-MZ, Mad Citylab, Switzerland). The excitation
green laser beam is focused onto the sample with a microscope
objective (LU Plan ELWD 50x, NA 0.55, WD 10.1, Nikon, Japan),
which also collects the fluorescence from the diamond. This fluo-
rescence is separated from the green excitation light by a dichroic
mirror, a 515 nm notch filter, a 650 nm long pass (LP) filter and
an 800 nm short pass (SP) filter. The intensity of this red fluores-
cence is measured by an avalanche photo-diode (A-CUBE-S3000-
03, Laser Components, Germany).

The MW signal is generated via a vector signal generator
(SMJ100A, Rohde & Schwarz, Germany) and a power ampli-
fier ~43 dB (ZHL-16W-43-S+, Mini-circuits, USA). A fast solid
state switch (ZASWA-2-50DRA+, Mini-circuits, USA) is placed
between the signal generator and the power amplifier when short
pulses are needed.

3.3. External Magnetic Field

An external static magnetic field highly stable and homogeneous
is generated via a ring with permanent magnets placed at a radial
distance of 80 mm. This ring can host up to 32 square magnets of
12 mm length. NdFeB magnets of grade N48 are employed. This
external magnetic field points along the z direction, i.e., orthogo-
nal to the PCB of the MW antenna. The applied external magnetic
field is fine-tuned for the Larmor frequency of the m; = 0 <= —1
transition corresponding to f = 2.81 GHz following Equation (1).
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3.4. Acquisition Sequences

An Electron Spin Resonance (ESR) experiment is performed to
confirm that the B, = 2 mT external magnetic field normal is nor-
mal to the PCB and, since the crystallographic orientation of the
used diamond is 100, this field is aligned with the same angle to
all NV axes (54.7°). Thereby, all the NVs will respond to the same
MW frequency.

The strength and polarity of the MW field generated by the an-
tenna are measured with a Rabi experiment on the m; = 0 <
—1 electron spin transition. The sequence consists of MW pulses
with different time durations. Subsequently, the oscillation fre-
quency of the obtained photoluminescence is analyzed. The Rabi
frequency is estimated by fitting the signal to an exponentially
decaying oscillation according to

—%) +Br+C (3)

S=Asin(2zr Q7 + ) exp(
2

where Q is the Rabi frequency, A is the amplitude of the signal,
7 is the MW pulse duration, 0 is a phase offset factor, T, is the
decay ratio, B is a linear drift and C a DC offset.

The Rabi frequency is proportional to the MW magnetic field
generated by the antenna,[?°!

Q=2y5|<0|§x|1>B| zyep()urHrms (4)

where an additional \/E is multiplied in the case of circular po-
larization. Also, H,,,; < 1/P,,;, the square root of the input power
to the antenna.

Figure 13A shows that the Rabi oscillations mediated by the
antenna follow this theoretical linear dependency between the
square root of the applied power and the Rabi frequency. This
verifies that the antenna works in a linear regime, which is im-
portant to calibrate the MW power delivered to the diamond
sample.

3.5. Experimental Characterization of Inhomogeneity

The distribution of Rabi frequencies across different planes (xy,
xz, and yz) is analyzed using both circular and linear polarization.
This spatial distribution is characterized by stepping the position
of the antenna and the diamond with the micropositioner, sweep-
ing the spot being interrogated in the diamond. For circular po-
larization, the antenna is fed with a total input power of 2.8 W
calibrated and equally divided to each port; For linear polariza-
tion, 3.8 W is applied to a single port.

The resulting Rabi frequency map is illustrated in Figure 10
(see also Figure S1 (Supporting Information) for the linearly
polarized field map). A uniform sampling grid is used with
0.05 mm x 0.05 mm resolution in the xy-direction and 0.02 mm in
the z-direction. The maps exhibit good agreement with the mag-
netic fields obtained from the simulations (see Figure 2 for the
circular polarization, and also the Figure S2, Supporting Infor-
mation, for the linearly polarised field map). Among the observed
frequencies, the Rabi frequency recorded in the symmetry center
of the contour plots is 1.86 MHz for circular polarization and 1.55
MHz for linear polarization. These Rabi frequencies correspond
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Figure 10. Measured Rabi frequency distribution maps for a circular po-
larized excited antenna at 2.8 W total input power. The excitation MW fre-
quency is 2.81 GHz, corresponding to the m; = 0 <= —1 transition at an
external magnetic field of B, =~ 2 mT.

to root mean square (Hy,,s) fields of 22.3 and 22.6 A m~! and per
watt (total input power) for the circular and linear modes respec-
tively, and are in good agreement with the 22.8 A m~! predicted
by the simulations.

3.6. Experimental Characterization of Ellipticity

The peaks corresponding to the 0 < —1 or the 0 < 1 transi-
tions can be modulated with the polarization of the MW signal.
In particular, we can attenuate a given transition by appropriately
choosing the direction of the circularly polarized MW signal, as
can be seen in Figure 11A. This selective attenuation of peaks vi-
sualizes the capacity to independently modulate the efficiency of
the two transitions by means of the direction of the circular polar-
ization. Moreover, in Figure 11B we also observe that this selec-
tive control can be done also at different frequencies, demonstrat-
ing the verstality of the antenna. As can be observed from these
figures, the attenuation is not complete, due to the geometrical
orientation of the NV axis with respect to the antenna.

In order to show this, we have performed a more quantitative
analysis. Figure 11C shows the Rabi oscillations on the 0 <= —1
transition for the two circularly polarizations with 1W of power. It
is observed that the oscillations become much slower when using
the left circular polarization, as expected. The frequency of oscil-
lation for left circular (green line) MW fields is about 3.7 times
slower than when using the favorable right circular polarization
(blue line). This can be visually seen in the figure, when com-
paring the oscillations of 0.07W power of right circular polariza-
tion with the 1W of left circular, as they overlap. As the frequency
scales with the square root of the power, the rations of powers
correspond very well with the expected values: 1/3.7% = 0.07.

These values also agree with the expected behaviour given the
orientation of the NV axis with respect to the antenna. The effec-
tive MW field inducing a transition is defined by the MW field
orthogonal to the NV axis. For quantification purposes, this tran-
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Figure 11. Measured signals showing the effect of polarization on the ESR
transitions. In A) and B), the ESR signals are shown for both right and
left circular polarizations for two external DC magnetic fields. The ESR
for linear polarization is also shown as a reference. The measurements
show that the 0 <= 1 (0 < —1) transition is much more power efficient
with left (right) circular polarization. An example of the Rabi signals at the
0 <= —1transition can be seen in E) showing a good overlap of Rabi os-
cillations, which illustrate that a favorable polarization, in this case right
circular polarization for the 0 <= —1 transition) needs 0.07 times less
power to attain the same Rabi as compared with the less efficient circular
polarization direction.

sition efficiency is often defined as a ratio between both circu-
lar polarization directions.[**) When the microwave field is per-
fectly circularly polarized and the NV axis is tilted by an angle
beta with respect to the normal direction of the polarization plane
(which lies on the plane of the antenna), the ratio of excitation
from state |0) to state |1) with the two polarizations, will be

R= dia& = 290 Given the [100] crystal configuration in

anticockwize  1=Sin(f)
our setup, all 4 NV axis orientations are at the same angle to the

plane of the antenna, being « = 54,7° and R = 3.7, which is the
one observed in our measurements (see Supporting Information
for more details on the derivation of this ratio).

The same ration has been measured for two different exci-
tation frequencies (see Figure 11A,B). This suggests that the
polarization modulation is resilient to driving the antenna off-
resonance as predicted in Figure 5. On the other hand, the mea-
surements where performed at the center of the antenna, where
we expect a minimal deviation from the circular polarization. As a
qualitative measurement of the polarization inhomogeneities of
the field produced by the antenna, we can use deviations from
this optimal ratio.*®) Therefore, for a given circular polariza-
tion we set out to measure the contrast between the Rabi fre-
quencies created by the (0] — 1) and (0]1) transitions. Given that
the highest contrast is given for circular polarization, such that
Q9-1y/Lopy = 3.7, in Figure 12 we plot the results of measur-

ing the divergence: 3.7 — % Figure 12 was generated from
(0I1)

two spacial Rabi maps with clockwise circularly polarised MW
at 2.83 GHz (0 < —1) and 2.91 GHz (0 < 1), which corre-
spond to the resonant transition frequencies for all 4 NV axis di-
rections for an external magnetic field of 6 mT orthogonal to the
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Figure 12. Measured spatial distribution of the ellipticity showing the
difference between the measured Rabi maps at m; = 0 <= —1 and the
mg = 0 <= 1 transitions correspondingly.

MW antenna (See Figure 11A,B). The field maps used to estimate
Figure 12 can be found in the Supporting Information. The diver-
gence from this ratio in the diamond suggest that the circularity
is homogeneous over a large volume in the center and diverges
towards the edges.

3.7. Power Test and Temperature Dependence

Increasing the power delivered in the center by feeding more
power could cause damage to the antenna due to heating. To
test this, the heat distribution is measured with an infrared ther-
mometer. Figure 13C shows that the antenna can handle the max-
imum output power of the amplifier used, which is limited to 8W
after transmission line losses. This temperature is below the safe
human handling limits set for consumer electronics devices.3!]
The antenna also shows a linear behaviour with the square root
of the power as can be seen in Figure 13A.

Besides, it has been observed that the temperature increase
generated a frequency shift in the resonant behaviour of the an-
tenna. Figure 8B shows that the resonant frequency decreased by
16 MHz when increasing the temperature of the antenna from
22°Cto 40°C.

.2

q. (MHz)

measured

. simulated
0.8 1,2 1,6
Input Power (VW)

Fre:
o
o

Figure 13. Power handling capability. A) Measured dependence of the
Rabi frequency to the total input MW power for linearly polarized config-
uration. The Rabi frequency increases proportionally to the square root of
the power, validating the linear behaviour of the MW antenna. The heat
distribution in the antenna when put under 1 (B) and 8 (C) watts of con-
tinuous wave MW power on a single port.
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4, Discussion

Our experience shows that, while the new geometry is effec-
tive, the built antennas tend to have a lower resonant frequency
than predicted by simulations. We distinguish three possible fac-
tors: the dielectric constant might differ, fabrication inaccuracies
might be present or spurious electrical capacitances that were not
considered might exist. The shift is about 55 MHz in the man-
ufactured prototypes, but this may vary from producer to pro-
ducer. Given this tendency to shift, and the limitation that capac-
itor based tuning can only lower the resonance frequency, the
authors recommend scaling down the outer diameter of the cop-
per patch aiming for a higher resonant frequency than the de-
sired one.

The results presented herein question the need to add 2 ad-
ditional dummy ports (a total of 4 ports) to the PCB to achieve
high homogeneity volumes by geometric symmetry, as found
earlier.?>] Arguably, the addition of the two extra ports may re-
duce efficiency due to power leaking, which may partially justify
that the design proposed here doubles the power efficiency as
compared with the work of Herrmann et al.[’]. Note that they
made the diamond hole size smaller and covered the ground
plane hole with a copper socket, modifications which should have
significantly increased the field strength.

The H field remains within 3 dB amplitude over almost 200
MHz, which is significantly higher than previously reported de-
signs. However, the mentioned previous works estimated the BW
from the reflection coefficient, which is a widespread practice
based on the misleading assumption that the field generated in
the antenna is proportional to the square root of the power not
reflected. Figure 5A shows that using the S-parameter for this
estimation is not precise, introducing a severe BW underestima-
tion of 30% in our design. Accurate knowledge of the frequency
response of the H-field is important to apply pre-emphasis and
induce a flat field profile that enables precise spin control over a
large range of frequencies.

Selecting another material with a higher dielectric constant
could enable the attainment of higher magnetic fields and quality
factors, as demonstrated in ref. [26]. It should be noted that mate-
rials with higher dielectric constants come at higher cost and are
less available. Furthermore, although these materials can in prin-
ciple enhance the performance, the antenna also becomes more
susceptible to manufacturing and material imperfections.

The central hole in the antenna offers flexibility for adjust-
ment of the diamond along the axis of the hole. For example,
the diamond can be located at the height of the ground plane
for applications benefiting from microscope objectives with short
(>0.6 mm) working distances. However, the highest field
strength versus homogeneity is achieved when the diamond is
centered along the hole axis. In this configuration, the field in-
homogeneity is below 7% within a volume of 1mm?. This makes
our configuration particularly suited to both harvest the averag-
ing power of large pools of NV centers as well as those at mod-
erate Rabi frequencies (>5 MHz), such as in dynamic nuclear
hyperpolarization (DNP) and microfluidic NMR applications.

Importantly, the low inhomogeneity and ellipticity volumes
largely overlap and cover the full 0.5 mm height of standard com-
mercially available diamonds. Furthermore, this geometry en-
ables matching seamlessly the volume geometry addressed with
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the green pump beam. On the one hand, our configuration im-
proves largely the coherence in the response of the large pool of
NVs, which is paramount for bulk sensing in applications such as
magnetometry with bulk diamonds. On the other hand, the large
volume with low ellipticity and the on-demand shaping of the
MW polarization allows polarization-dependent protocols over
large NV ensembles. The fact that the Rabi frequency attenuation
ratio between clockwise and counter-clockwise MW polarization
remains at 3.7 for all different configurations shown in Figure 11
suggest that the ellipticity is low for a wide range of frequencies
beyond the resonant frequency of the antenna, as predicted in
Figure 5B. Note that the experimental ellipticity maps should not
be taken as a direct measurement of the ellicticity because, as de-
scribed in the Supporting Information, the effect on the Rabi is
defined not only by the magnitude of the ellipticity but also by the
orientation of the ellipticity with respect to each NV axis orienta-
tion. This explains that Figure 7 is geometrically different from
Figure 12. Nonetheless, although this map should not be deemed
as quantitative, it is useful to infer that the ellipticity is minimal
over a large volume in the center of the diamond as predicted via
the simulation.

The inhomogeneity and ellipticity of the antenna are almost
not altered when it is driven off-resonance. This robustness to-
gether with the above-mentioned wide BW make this design
very user-friendly, as it can offer high performance without the
need for complex and time consuming tuning steps. Importantly,
the regions with low inhomogeneity and those with low ellip-
ticity overlap largely. Such high coherence over a large volume
can enable high signal-to-noise ratios and high spin transition
selectivity.

The ~2 ns ringing time of the antenna does not impose a haz-
ardous limitation as it is very short compared to those required
for popular z and z/2 pulses, which are more than an order of
magnitude longer for the Rabi frequencies generated by this an-
tenna. For example, achieving a z /2 pulse in 50 ns would require
<20 W input power in the circularly polarized mode, which is
enabled by the good linearity (Figure 13A). The power can be
safely increased to a maximum of 8 W in the continuous-wave
mode without additional cooling (see Figure 13A,B). The struc-
ture could tolerate higher powers in pulsed mode to increase the
MW field strength even further. Such higher powers could be im-
plemented by using a pair of power amplifiers like the one used
in this work to drive each port in this work. This feature would
also facilitate fine-tuning each port’s phase and amplitude to min-
imize the ellipticity in the induced MW field.

The direction of the circular polarization could be dynami-
cally switched or adjusted, for example, by driving independently
each port with a two channel arbitrary waveform generator or, for
lower budget setups, by swapping the order of the transmission
paths with fast switches. It is important to note the ellipticity of
the field maps for linear polarization feeds. This ellipticity intro-
duces a linear polarization component that limits the degree of
isolation achievable when trying to address the —1 and +1 spin
states independently.

5. Conclusion

Our results show that our antenna design offers a good compro-
mise compared with other antennas used in NV centers mea-
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surements. Our design doubles the power efficiency, offers im-
proved optical access and, most importantly, is robust against the
variability of external hardware components, in contradiction to
the previous patch antenna.?! By an inhomogeneity of 14% in a
1 mm? volume, the proposed resonant MW antenna can address
large ensembles of NVs in bulk diamond. Furthermore, this vol-
ume of low inhomogeneity can be easily and efficiently addressed
optically. This limits the signal acquisition to only the NV cen-
ters that are coherently driven, which is paramount in boosting
sensing precision. Additionally, a large part of the low inhomo-
geneity volume also shows low ellipticity. Our antenna design is
particularly appealing for sensing experiments that benefit from
lifting the -1 and +1 spin degeneracy without forcing an exter-
nal magnetic field, such as at natural earth field conditions or at
zero field. Importantly, unlike preceding works, we have analyzed
the antenna’s inhomogeneity and ellipticity in off-resonance driv-
ing conditions, validating the reliability of the design in practical
working conditions. The H-field strength is also high over a large
BW, and we show that this frequency response should not be es-
timated indirectly from the S-parameters but from more direct
methods. The antenna’s versatility is enhanced by its capability
to become broadband over a wide range of frequencies through
capacitors or varactors. Its homogeneity also allows for easy po-
sitioning and repositioning without sacrificing accuracy on the
flip angle.

There is no MW antenna commercially available that is
tailored to NV applications, each lab needing to craft its own.
The proposed antenna is inexpensive and easy to reproduce
as we share the files to manufacture it on standard double-
sided PCB. Thereby, given its performance, versatility and
robustness, this antenna can be a go-to solution for a wide
range of high-end NV based quantum technologies in many
labs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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