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ABSTRACT

The sensing applications of nitrogen-vacancy color centers in a diamond require an efficient manipulation of the color center ground state
over the whole volume of an ensemble. Thus, it is necessary to produce strong uniform magnetic fields of a well-defined circular polarization at
microwave frequencies. In this paper, we develop a circularly polarized microwave antenna based on the excitation of hybrid electromagnetic
modes in a high-permittivity dielectric resonator. The influence of the geometrical parameters of the antenna on the reflection coefficient and
magnetic field magnitude is studied numerically and discussed. The Rabi frequencies and their inhomogeneity over the volume of a com-
mercially available diamond sample are calculated. With respect to the numerical predictions, a Rabi frequency as high as 34 MHz with an
inhomogeneity of 4% over a 1.2 mm x ¢2.5 mm (5.9 mm? in volume) diamond sample can be achieved for 10 W of input power at room tem-
perature. The antenna prototype is fabricated, and experimental investigations of its characteristics are performed in microwave and optical
frequency domains. The circular polarization of the microwave magnetic field with an ellipticity of 0.94 is demonstrated experimentally. The
Rabi oscillation frequency and its inhomogeneity are measured, and the results demonstrate a good agreement with the numerically predicted
results.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129863

I. INTRODUCTION detected magnetic resonance (ODMR) contrast by a factor of 4.
Recently, preferentially oriented ensembles of NV centers were

Development of sensors based on nitrogen-vacancy (NV) color demonstrated.'' " It was shown that 99% of the NV centers were

centers is very promising for the observation of brain activity, the
accurate detection of neuronal activity related to muscle control,
high-precision monitoring of temperature, for example, in bioappli-
cations, and detecting small changes in the amplitude of the (DC)
magnetic field of the Earth." ° The magnetic field sensor’s sensi-
tivity can be enhanced by the application of a large ensemble of
NV centers,””* which normally occupy only one of four possible
orientations,”'” hence, leading to a reduction in the optically

oriented along the (111) crystallographic axis, which in such cases is
perpendicular to the main surface of the diamond plate sample. As a
result, it was capable of having a full contrast of approximately 30%
for a single orientation, producing a factor of 4 improvement in the
magnetic field sensitivity."”'” Such diamond samples could be used
to enhance the fluorescence contrast in 3D ensemble and shallow
2D ensemble experiments, possibly with the addition of a wide-field

magnetometry technique.'”'” However, for such NV ensembles,
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efficient microwave (MW) control would require a uniform over
a large volume transverse MW magnetic field perpendicular to the
(111) axis in the plane with the diamond surface. In addition, the
use of a circularly polarized instead of a linearly polarized MW field
opens a way to selectively address single transitions in cases where
transitions overlap at a very low magnetic field. For example, a circu-
larly polarized MW drive for NV centers was recently used in zero-
field nuclear magnetic resonance (NMR) experiments.'’ Notably,
the use of circular polarization allows one to minimize the level
of MW power by a factor of \/2. An increase in the utilized NV
ensemble volume is another key to improve diamond magnetometer
sensitivity. ”'” Thus, the microwave field inhomogeneity provided
by an antenna over the exposed diamond volume becomes a figure
of merit for NV ensemble manipulation.

Different designs of MW antennas for the manipulation of the
spins of NV centers in the diamond have been proposed and studied
experimentally. Among them are wire design,'” planar double split
ring antenna,”’ planar ring antenna,”’ microstrip antenna,”’ and
macroscopic dielectric microwave cavity.” Most of the described
antennas generate a uniform magnetic field with linear polarization
in a small area of 1 mm?. However, to improve the sensitivity and
precision of a sensor, the microwave field should be generated effi-
ciently over a large volume. For this purpose, a loop gap resonator,’
dielectric resonator antenna,””* and metallic cavityz’;‘r‘ have been
proposed. Nevertheless, none of these designs realize an in-plane
microwave field with circular polarization and low inhomogeneity
over a large volume.

In this paper, we propose the design of an antenna with a
circularly polarized, uniform magnetic field over a large volume
for the coherent and effective spin manipulation of NV centers
as shown in Fig. 1. We demonstrate that the proposed antenna
can potentially be used for the efficient control of an NV cen-
ter spin ensemble over the whole volume of a commercially avail-
able diamond sample. We provide numerical and experimental
results of the antenna’s characteristics, including the reflection

FIG. 1. Artist view of the DRA, which consists of a hollow cylindrical dielectric
resonator excited by two loops. An optical sample containing NV centers is placed
at the center of the resonator bore and pumped by using a green laser.
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coefficient, magnetic field magnitude, ellipticity, and Rabi frequency
and its inhomogeneity over a chosen volume.

Il. DRA DESIGN AND RESULTS OF THE NUMERICAL
SIMULATIONS

A. DRA operational principle and design

The operational principle of the antenna design is based on the
excitation of two orthogonal HEM ;5 modes inside a hollow cylin-
drical dielectric resonator [see Fig. 1]. To obtain a circular polariza-
tion, the modes must be excited with signals of the same amplitude
and a 90° phase difference.

Empirical expressions for the estimation of the resonance fre-
quencies of the lowest modes of a cylindrical dielectric resonator

have been derived””” and can be used to estimate the frequency of
the HEM 1,5 mode,
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where c is the speed of light, R is the resonator’s radius, T is the res-
onator’s height, and ¢ is the permittivity of the dielectric material.
Using Eq. (1), we calculated the resonance frequency of the HEM 1,4
mode for different values of the dielectric resonator permittivity
and height when the radius is fixed [see Fig. 2(a)]. There are many
degrees of freedom that can be employed to achieve a resonance fre-
quency of 2.87 GHz, which is equal to the zero-field splitting of the
ODMR of the NV center for a given permittivity and height of the
resonator.

Usually, natural dielectric materials do not possess high-
permittivity in the microwave frequency range.””

For MW applications, it is convenient to use MW ceramics,
which can be synthesized to achieve a high-permittivity with a low
dielectric loss and temperature coefficient.”>”” In the current study,
we consider a MW ceramic with a permittivity of & = 235 and a
dielectric loss tangent of tan(§) = 0.003 measured at 3 GHz.”” The
dependence of the HEM 115 mode frequency as a function of res-
onator height for different radii calculated by means of Eq. (1) is
shown in Fig. 2(b). Following the obtained results, one can estimate
the dielectric resonator dimensions as a radius of R = 3.95 mm and
a height of T' = 5.52 mm for the HEM ;5 mode at 2.87 GHz.

B. Numerical optimization of the DRA

Next, we perform numerical simulations of the dielectric res-
onator antenna (DRA) performances using the frequency domain
solver of CST Studio Suite. The feeding loops are used to excite the
dielectric resonator. They are identical in size, have a radius of 2 mm,
and a wire size of 0.25 mm. They are located at the center of the
resonator, 0.5 mm from the surface and 90° apart from each other
(see Fig. 1). MW ports with a 50 Q) impedance are placed in the
2 mm gap of the loops. To obtain the circular polarization of the
DRA, two orthogonal HEM;5 modes are excited with a 90° phase
difference between the signals at ports 1 and 2. A resonator permit-
tivity of € = 235 and the dimensions previously estimated by Eq. (1)
are used. However, the ceramic resonator now has an entire bore
to place an optical sample (diamond plate with NV centers) inside.
The size of the resonator with the bore taken into account has been
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optimized numerically in CST Studio Suite to excite the HEM114 of 720 A/m at 5 W (total of 10 W) for the input power of each input
mode at 2.87 GHz. After the optimization of the DRA with a bore port [see Figs. 3(b) and 3(d)]. However, the level of the dielectric loss
radius of R;, = 1.6 mm, we obtained an outer radius of R = 3.95 mm of the ceramic can slightly deviate from this value. Thus, it is impor-
and a height of T = 6.2 mm. The simulated return loss of the DRA tant to estimate its impact on the DRA performance. With respect to
has a minimum at 2.87 GHz [see Fig. 3(a)]. the results of the numerical simulations, increasing the dielectric loss

The important parameter that affects the DRA reflection coef-  value leads to a degradation in the MW magnetic field amplitude in
ficient and magnetic field magnitude is the dielectric loss of the the DRA center [see Fig. 3(a)]. For a dielectric loss tangent of tan(J)
ceramic material. Initially, we consider the level of the dielectric loss =5 x 107°, the amplitude of the MW magnetic field in the DRA cen-
tangent as tan(8) = 3 x 107> with an MW magnetic field amplitude ter decreases to 630 A/m for an input power of 5 W for each input
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FIG. 3. (a) Simulated return loss and magnitude of the MW magnetic field of the DRA for different values of the dielectric loss tangent. A simulated magnitude of the MW
magnetic field in the y-z (b) and x-y (d) planes of the DRA at 2.87 GHz. (c) Simulated resonance frequency and magnitude of the MW magnetic field of the DRA as a
function of entire bore radius. The resonance frequency is determined at the minimum of the return loss. The magnitude of the MW magnetic field is taken at the center of
the resonator’s bore.
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FIG. 4. Mean value and inhomogeneity (isolines) of the Rabi frequency simulated over the diamond volume for the DRA designs with the geometrical ratio of the resonator’s
radius and height 2R > T (a), 2R ~ T (b), and 2R < T (c), which are shown by insets for illustrative purposes. The Rabi frequency values are obtained for a total input

power of 10 W.

port. The reflection coefficient is better than —15 dB. On the other
hand, if the level of the dielectric loss tangent is on the order of tan(J)
=1 x 1072, then the MW magnetic field is approximately 900 A/m,
but the DRA return loss is not better than —10 dB. The optical sam-
ple would be placed at the center of the resonator bore since the MW
magnetic field is localized inside the DRA [see Figs. 3(b) and 3(d)].
As the hole radius of the DRA increases, we observe an increase in
the resonance frequency and a decrease in the magnitude of the MW
magnetic field in the center of the DRA [see Fig. 3(c)]. However, the
resonance frequency can be kept at approximately 2.87 + 0.01 GHz
by optimizing the antenna height.

C. Rabi frequency estimation

To understand the achieved MW magnetic field level inside
the dielectric resonator, one could estimate the Rabi oscillation fre-
quency of the NV center spin ensemble. Normally, this value is less
than 10 MHz for a relatively low power level of 5 W.*>***>" In the
case of a circularly polarized MW magnetic field, the Rabi frequency
can be calculated as”

Q.= 2y.[{0}8:/1)|B = V2B, @

where 8, is the spin projection operator on the x-axis, B is the mag-
netic field, and y. is the gyromagnetic ratio. A factor of 2 appears
when a field with circular polarization is utilized. Equation (2) gives
the value of the Rabi frequency at one specific point, but for the case
of a bulk diamond, it is very important to estimate the mean value
and deviation of the Rabi frequency. The deviation provides infor-
mation about the inhomogeneity of the MW magnetic field, which
affects the precision of NV-based sensors. In this case, the following
equation, where the Rabi frequency is integrated over the diamond
volume, can be used:

[, Qdv
Jyav’

where V is the diamond volume. The standard deviation of the mean
value of the Rabi frequency can be given as

o) -(5w) e

(0) =

3)

Using Eqs. (2)-(4) and simulated MW magnetic field distri-
bution, we estimated the mean value and average deviation of the
Rabi oscillation frequency. For simplicity, we suppose that the dia-
mond sample has a cylindrical shape and characterizes by diameter
and thickness. The numerically obtained mean values of the aver-
age deviations of the Rabi oscillation frequency vs the volume of the
diamond results for the DRA with the parameters described above
are shown in Fig. 4(b). Now, the DRA has the diameter which is
comparable to the height (2R ~ T). For such a design, we found that
over the 1.2 mm x (2.5 mm diamond sample (5.9 mm? in volume),
a mean Rabi frequency of 34 MHz with an inhomogeneity of 4%
can be achieved for 10 W of total input power [see Fig. 4(b)]. The
effect of this 4% inhomogeneity on a magnetometer performance
could be understood using data from Ref. 32. The 4% inhomogene-
ity corresponds to a uniformity of 96.5% and gives additional 1%
sensitivity error. Two additional DRA designs with the geometries
2R >» T and 2R « T have been numerically studied. For the first
additional design, we drastically reduced the height and increased
the radius (2R > T), leading to the following geometrical param-
eters: R = 6.4 mm and T = 4.24 mm. For this design, we observe
a mean Rabi frequency of 14.5 MHz and an inhomogeneity of 6%
over the same volume [see Fig. 4(a)]. For the second design, we did
the opposite, keeping the radius much smaller than the height (2R «
T):R=2.9mm and T = 18.5 mm. We find that the mean value of the
Rabi frequency reaches 20 MHz with an inhomogeneity of 1% [see
Fig. 4(c)]. Note that the bore radius has been kept the same (R;, =
1.6 mm) for all designs. One may conclude that the optimal design in
terms of mean Rabi frequency and inhomogenity is the design with
a comparable diameter and height of the dielectric resonator 2R ~ T.
If a desired application is somehow limited in terms of DRA height
but does not require a large Rabi frequency, then one can choose a
DRA with the following ratio of the geometrical parameters: 2R >
T. In contrast, when a high homogeneity is needed, one must choose
the design that satisfies the following condition: 2R « T.

I1l. EXPERIMENTAL STUDY

A. DRA prototype

A DRA with the large-radius geometry (2R > T) was chosen
for prototyping and an experimental study. Initially, the permittivity
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of microwave ceramics based on a mixture of BaTiO3/SrTiO3 with
Mg-containing additions™ available for dielectric resonator fabrica-
tion was investigated. The composition and concentration of Mg-
containing additions influence the ceramic permittivity and loss tan-
gent. Thus, these values for a set of test dielectric resonators were
measured by means of two different techniques for rectangular’’ and
cylindrical™* resonator shapes. The measured permittivity of & = 254
and the dielectric loss tangent of tan(J) = 2.7 x 1072 are obtained at
a frequency of 3 GHz and are shown by the red dot in Fig. 2(a). A
slight deviation of the measured value from the numbers used for the
numerical simulations must be taken into account during the DRA
prototype optimization.

To obtain a clear experimental picture excluding any beat sig-
nals, we preferred to measure the Rabi frequency of a single NV
center orientation. The easiest way to perform this measurement
is to detune the selected orientation of the NV center with the
help of a bias magnetic field. Thus, the resonance frequency of
the DRA prototype has to be optimized for the frequency range of
2.65-2.68 GHz.

To develop a DRA prototype that is compatible with a printed
circuit board (PCB) technology, we changed the excitation type.
Here, we used two 50 Q) microstrip lines instead of the loops.”*”’
The influence of the excitation method on the DRA performance
was numerically studied.” We found that this excitation method
practically does not affect the DRA mode and provides only a
slightly (no more than 9%) smaller field amplitude for a given power
of I0W.

Considering the measured permittivity value, a new type of
excitation, and the desired MW frequency range, the DRA was
numerically optimized, and new dielectric resonator dimensions
were obtained as follows: T' = 4.24 mm, R = 6.4 mm, and R;, =
1.5 mm. The excitation network of the DRA prototype [see Fig. 5(a)]
was implemented using a 1.5-mm-thick FR-4 substrate with dimen-
sions of 45 mm x 45 mm. The length of the 50 Q microstrip lines
was 20 mm. The dielectric resonator was fixed by glue in the middle
of the substrate.

The simulated return loss of the DRA prototype is better than
—10 dB in the desired frequency range, as shown in Fig. 5(b). Due to
the asymmetric position of the feeding microstrip lines with respect
to the dielectric resonator center along the z direction, the magnetic
field distribution inside the DRA changes [see Fig. 5(c)]. Now, the
maximum of the MW magnetic field is shifted closer to the PCB. It is

(@) (b) o
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important to take this shift into account when positioning an optical
sample during the experimental study. From the simulated results,
one can predict that the sample should be shifted by approximately
1 mm down in the z direction from the center of the DRA.

B. Measured results

The return loss of the DRA was experimentally studied in the
microwave frequency range by connecting the DRA to the ports of
an E8362C PNA microwave network analyzer. From Fig. 5(b), one
can see that both ports of the DRA are matched better than —10 dB
in the frequency range of 2.65-2.68 GHz.

An experimental study of the NV center fluorescence emission
was conducted with the help of a home-built microscope with an
external microwave part. The setup is shown in Fig. 6(a). As a basic
sensitive element, a 1.2 x 1.2 x 0.3 mm> diamond plate with a 14.6
ppm NV concentration cut perpendicular to the (111) orientation
was used.”” The diamond plate was fixed onto a sapphire cylinder
2 mm in diameter and placed inside the DRA. The (111) orientation
of the diamond lattice was oriented along the z axis of the dielectric
resonator and along the optical axis of the microscope objective lens.
Both the diamond plate and the DRA were connected to XYZ stages
to control their position with respect to each other and to the micro-
scope objective lens. A continuous-wave laser (Coherent Compass
300, wavelength of 532 nm) was served as a source for the NV cen-
ter excitation. To perform the pulsed experiments, an acousto-optic
modulator (AOM) was utilized for an on-off modulation of the opti-
cal pumping. Imaging was realized with the help of galvo mirrors
(Cambridge Technologies). An Olympus 10x Plan Achromat objec-
tive lens with a numerical aperture of NA = 0.25 and a working
distance of 10.6 mm was used to focus the excitation and collect the
emission from the diamond. The collected fluorescence was coupled
into an avalanche photodiode (PerkinElmer SPCM-AQRH-14-FC).
We used a combination of an optical notch filter with a stop band
centered at 532 nm and a longpass optical filter with a cutoff at
600 nm to remove the residual green excitation light and Raman sig-
nal from the collected emission. The bias magnetic field was created
using a permanent magnet, which was placed next to the DRA to
split the ODMR position and choose only one of four possible ori-
entations for the Rabi frequency measurements. This was achieved
by placing the magnet aligned with respect to the diamond’s (111)
crystallographic axis and creating the field along the (111) axis.

oo

o

0

8

S

% ——- |S11| measured

o —15] —-- |S3;| measured
|S11] and [S2,| 0 5
simulated

-20 ‘ ‘
2.55 2.60 fzésHSz 2.70 2.75 0 100 200 300
’ [HI, A/m

FIG. 5. (a) Photograph of the DRA prototype. (b) Simulated and measured return losses of the DRA. (c) The simulated MW magnetic field distribution inside the DRA obtained
for 2 W of power at each DRA input port.

Rev. Sci. Instrum. 91, 035003 (2020); doi: 10.1063/1.5129863
Published under license by AIP Publishing

91, 035003-5


https://scitation.org/journal/rsi

Review of

Scientific Instruments

(a)

(b)

84
T
s 7
06|
O
35
55
0 Laser
L 41 Tdark Tdark
o MW
234 TR
Detector
2 | ‘ SMW‘Sref |
255 260 265 2.70 2.75 2.80
f, GHz

FIG. 6. (a) The experimental setup. (b) Dependence of the measured Rabi fre-
quency on the MW frequency. The inset shows the pulse sequences used for the
Rabi oscillation measurements.

To deliver the MW signal to the DRA, we used a Stanford
Research System SG384 signal generator modulated by using a Mini-
Circuits ZASWA-2-50DR switch and amplified by using a Mini-
Circuits ZHL-16W-43+ power amplifier. Power splitters (Mini-
Circuits ZX10Q-2-34-S+ and Mini-Circuits ZX10-2-332-S+) were
used to equally divide the signal amplitude. The change in the power
splitter provided the desired phase difference (+90°, —90°, or 0°)
between the input ports of the DRA. A National Instruments PCle-
7851 FPGA card was used to produce control pulses for optical and
microwave pumping. The Avalanche Photodiode (APD) counting
and gating were implemented internally in the card.

We started the experimental investigation with measurements
of the Rabi frequency dependence inside the DRA. To measure the
Rabi oscillations, we varied the pulse duration and measured the
number of counts at two different times: after the spin polarization

ARTICLE scitation.orgljournal/rsi

with green light but before the application of the MW pulse (S,.f)
and right after the MW pulse (Syw) [see the inset in Fig. 6(b)]. Thus,
the spin contrast can be calculated as C = (Smw — Syef)/(Srer + Suw).

First, we experimentally found the z coordinate with the max-
imum of the MW magnetic field. For this purpose, we placed the
diamond plate at the center of the DRA (x = y = z = 0) and moved the
DRA along the z direction, measuring the Rabi oscillations at a MW
frequency of 2.66 GHz. We found this value to be z = —0.95 mm.
The DRA operation frequency range was measured next. The dia-
mond plate was positioned in the maximum of the MW magnetic
field inside the DRA (x = y = 0, z = —0.95 mm). By tuning the bias
magnetic field, the resonance position of the NV center electron spin
changed. The Rabi oscillations were detected for each bias magnetic
field magnitude. The obtained frequency dependence is depicted in
Fig. 6(b). A maximum Rabi frequency of 7.8 MHz was achieved at

—
Q
A

g —— Ap=90°
— Ag=0°
6 — A@=-90°

Contrast, %
I\) S

‘?

C;

(00}

(0)}

Rabi Frequency, MHz
NS

o

0.0 05 1.0 1.5 2.0
Py, WO

FIG. 7. (a) Rabi oscillations for different phase shifts in the input ports of the DRA.
Offsets of 5% (green line) and 10% (red line) are added for illustrative purposes.
(b) Dependence of the Rabi oscillation on /Paw for different phase shifts in the
input ports of the DRA.
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an MW frequency of 2.67 GHz. The estimated bandwidth of the (a)

resonance peak (full width at half maximum) is 140 MHz. 7772
Next, we investigated the polarization of the MW field gener-
ated by the DRA using the Rabi oscillation measurement technique 7.63

described by Herrmann et al.”’ The diamond plate was positioned
in the maximum of the MW magnetic field inside the DRA (x =
y =0, z = —0.95 mm), and the NV resonance was tuned to 2.67
GHz. The measured spin contrasts at Ap = 0° and +90° under the
same MW power are shown in Fig. 7(a). The measured Rabi oscil-
lations as a function of MW signal power are plotted in Fig. 7(b).
The linear relation between the Rabi frequency and the square root
of the MW power, which is generally expected for Rabi oscilla-
tion experiments,”’ is verified for all phase shifts. The two slopes
in Fig. 7(b) of 3.88 + 0.04 MHz/\/W for Ag = 90° and 0.23 +
0.03 MHz/r/W for Ag = —90° provide an ellipticity of 0.94. There-
fore, the circular polarization of the magnetic field is confirmed -04 -0.2 0.0 0.2 0.4
experimentally. X, mm

Finally, we experimentally studied the Rabi frequency distribu- (b)
tion provided by the DRA in the central cross section over the XY
plane. The diamond plate was fixed in the maximum of the magnetic 0.4
field inside the DRA, directly in the microscope focus. The investi-
gation was done with the help of galvo mirrors enabling 0.8 mm x
0.8 mm field of view for the microscope on the grid of 5 x 5 pixels. 0.2
At each pixel, the full Rabi oscillations were measured with a pulse
time sweep over a narrow MW frequency band. The frequency band
was 10 MHz near the NV resonance frequency with a 0.5 MHz time
step. The pulse time was swept from 12.5 ns to 600 ns with a 12.5
ns time step. Resulting data were fitted with the 2D Rabi oscillation —0.21
model, regarding all three hyperfine components. Frequency sweep
was intended to exclude detuning effects due to the DC magnetic
field gradient and strain distribution in the crystal. From the mea- —0.4/1
sured data, it was found that the NV resonance frequency deviated
within +0.3 MHz, corresponding to the constant magnetic field devi- -0.4 -0.2 0.0 0.2 0.4
ation of +8 A/m in the scanned area. The measured Rabi frequency X, mm
distribution map is compared to the numerically obtained map in
Fig. 8. A good agreement between the measured data and simulated FIG. 8. (a}) Simulated and (b) measured Rabi frequency distripution maps obtained
results is observed. A minimum Rabi frequency value of 7.13 MHz 0 I s ) G D10 (75 17 = Uy 2= 0889 i, WD ST e [Reu 5 e

. . . . . measured data were obtained for 2 W of input power at each port of the DRA.

was measured in the middle of the scanning area. A maximum Rabi
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TABLE I. The MW antennas’ performances.

Inhomogeneity,
Rabi Rabi % over the

MW MW input frequency frequency Bandwidth Diamond area/volume
Design References polarization  power (W)  (MHz) (MHz/ VW) (MHz) sample (mm®) (mm?/mm?)
MW circuit 22 Linear/circular 0.04 1.2/1.57 1.6/2.05 Non-resonant 3x3x0.5 ..
Planar SRR 20 Linear 0.5 16.69 23.6 40 3x3x0.5 4.4 (1.14/-)
Microwave 30 Linear/circular 3.33 1.1/1.46 0.6/0.8 165 2.5%x25x%0.5
circuit
Planar ring 21 Linear 1 4.6 4.6 400 2.2 x22x0.51
antenna
DRA 8 Linear 5.2 10 43 30 1.2x1.2x0.3 1(-/5.9)
LGR 7 Linear 16 7.7 1.9 80 45%x45%0.5 1.6 (11/-)
DRA Current design Circular 4 7.87 2.6/3.9 140 1.2x1.2x0.3 4(-/5.9)
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frequency value of 7.67 MHz was achieved at the edges of the scan-
ning area. Thus, the peak-to-peak Rabi frequency change in the XY
plane over a scanned area of 0.8 mm? is 0.54 MHz with a standard
deviation of 0.16 MHz as estimated by Eq. (4).

We carried out two types of experiments and obtained two
values of the Rabi frequency in the center of the DRA, 7.8 MHz
and 7.4 MHz, as shown in Figs. 8(a) and 8(b), respectively. This
slight disagreement can be explained by the scanning time. In fact,
the scan of the Rabi frequency distribution map was performed
over 23 h.

The main performances of the DRA design have been sum-
marized in Table I together with the performances of other known
antenna designs. We indicate the type of antennas’ polarization, the
level of input power, and the corresponding Rabi frequency. We also
compare the bandwidth of the antenna design and demonstrate the
diamond sample dimensions. However, not all the cited papers con-
tain the information about the inhomogeneity of the field. We found
these numbers only for several designs. However, we list them in the
table to provide a qualitative comparison.

IV. CONCLUSION

We proposed a circularly polarized microwave antenna for
the coherent manipulation of NV centers in a diamond. Circular
polarization of the MW magnetic field was achieved by the excita-
tion of two orthogonal HEM1;5 modes inside a high-permittivity
microwave resonator. A numerical study of the mean value and
inhomogeneity of the Rabi frequency was performed for various
geometries of the resonator. For the geometry with 2R ~ T, the mean
value of the Rabi frequency of 34 MHz and inhomogeneity of 4%
were achieved for a diamond volume of 1.2 mm x 02.5 mm under 10
W of total input power. The 2R « T resonator geometry provided
a mean Rabi frequency of 20 MHz with 1% inhomogeneity, while
the resonator geometry 2R > T provided a mean Rabi frequency
value of 14.5 MHz with 6% homogeneity over the same diamond
volume.

A DRA prototype was fabricated and experimentally studied.
The DRA provided the circular polarization of the MW magnetic
field with an ellipticity of 0.94. A maximum Rabi frequency of 7.8
MHz was achieved at a MW frequency of 2.67 GHz under 4 W of
input power. The measured bandwidth of the resonance peak was
140 MHz. The measured mean value of the Rabi frequency deviated
from the numerically obtained results by less than 0.6%, thus, con-
firming the calculations. While the current design of the antenna
is a fixed frequency one, it could be extended to a tunable ver-
sion. One approach would be to tune the resonant frequency of the
DRA antenna mechanically, i.e., through adjusting stubs incorpo-
rated into excitation networks.”® The other approach could be to use
electrically tunable impedance matching networks based on variable
capacitors.”’

We believe that the proposed DRA design will find applications
in the control and manipulation of quantum systems with a circu-
larly polarized MW magnetic field over a large volume; an example
is the uniform control of 3D and 2D spin ensembles of NV centers
in (111)-cut diamond samples for applications in ensemble sensing
and wide-field magnetometry. The ability to control the polarization
of the drive could become beneficial for driving the spin transition
more efficiently with the available power and also for performing

ARTICLE scitation.orgljournal/rsi

spin-selective transitions when multiple transitions coincide at the
same frequency, such as in zero-field NMR.
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