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Abstract

We report the development and test of planar microwave Inverse Anapole
Resonators (IARs) made of superconducting Yttrium Barium Cop-
per Oxide (YBCO) for electron spin resonance spectroscopy on small
samples. We first characterize our resonators in zero field and then by car-
rying out transmission spectroscopy on a diluted a, -bisdiphenylene-3-
phenylally (BDPA) organic radical spin ensemble in an applied magnetic
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field. These IARs allow us to carry out electron spin resonance spec-
troscopy both in Continuous-Wave and Pulsed-Wave mode, and to esti-
mate the spin memory time of BDPA. The comparison with the results
obtained for the same sample on typical linear coplanar resonators shows
an improvement by = 2 - up to 3 - orders of magnitude in spin sensitiv-
ity, with effective sensing volumes below 1 nanoliter. The best sensitivity
we achieved is § ~ 107 spin/+/Hz in the Pulsed-Wave regime. These
results compare well with similar experiments reported in literature.

Keywords: planar resonators, electron spin resonance, microwave, sensitivity

1 Introduction

Reducing the volume of sample and increasing the sensitivity in electron spin
resonance represents an extremely technological challenge and it is current
topic of intense research in the field. Due to the small size of their magnetic mo-
ment, addressing single electronic spins at microwave (MW) frequency through
magnetic dipolar interaction necessary requires increasing the strength of the
microwave field used. This is the strategy followed in circuit Quantum Electro-
Dynamics (circuit QED) experiments, where tightly confined modes (down to
few pm - few tens of ym) of planar microwave resonator are used to enhance
the single spin-photon coupling [1, 2]. This comes at the cost of the reduction
of the effective volume of resonant mode available in proximity of the sur-
face. Conversely, addressing collective excitations of spin ensembles through
microwave resonators might seem to be easier, since an enhancement of the sin-
gle spin coupling rate by a factor v/N (being N the number of spins involved)
is expected[3, 4]. For instance, this effect has been largely exploited to reach
the coherent and the strong coupling regime between MW photons and several
spin ensembles, such as Nitrogen Vacancy (NV) centers [5-7], Erbium-doped
inorganic crystals [8], Phosphorous [9] and Bismuth Donors in silicon [10] and
molecular spins [11-16]. However, it turns out that strong confinement of MW
radiation over small resonator volumes reduces the effective number of spins
coupled and, under some conditions, might vanish the effect of the larger sin-
gle spin couplings, resulting in an overall reduction of the collective coupling
rate of the ensemble. This, in turns, gives very small measured signals and
weak coupling regime. A parameter commonly used to quantify this interplay
is the spin sensitivity, which is the minimum number of spins detectable in a
measure carried out at the detection limit (signal-to-noise ratio equal to one)
for unitary bandwidth [17]. The lower is the value of the sensitivity the bet-
ter is the performance. It’s worth mentioning that this definition of sensitivity
combines both intrinsic features of the device (e.g. effect of the detection in-
ductance of the geometry) as well as the characteristics of the output detection
chain used after the device, such as specific features of amplification and/or
acquisition electronics. It’s also obvious that the definition of sensitivity above
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comes along with the definition of an effective equivalent detectable volume
which reduces as the sensitivity is improved.

Over the last decade, several ways to improve spin sensitivity have been
proposed and successfully realized. A lot of effort was directed towards
improving the geometry of the inductive parts of the resonators, which are re-
sponsible for the pick-up of the signal coming from the spins. This was done by
focusing on closed-loop geometries rather than simpler linear coplanar ones,
such as -shaped resonators [18, 19], loop-gap resonators [20, 21] and oscilla-
tors with microcoils [22, 23]. Planar geometries in which the MW confinement
is achieved in a very small micrometer-sized constriction of the device, such as
ParPar resonators [24, 25] and Inverse Anapole Resonators [26], or coplanar
resonators with micro/nano constrictions [27] have been also developed. All
these resonators were found to improve the spin sensitivity by several orders
of magnitude with respect to conventional Electron Spin Resonance (ESR)
spectroscopy, reaching values which can be as good as 10° — 10°spin/ VHz
even at room temperature, corresponding to effective active volumes below a
nanoliter (on the order of few tens - few hundreds of picoliters). The use of
superconducting materials for the fabrication of resonators provides a natural
way to increase the strength of the MW field as well as their sensitivity,
but with the drawback of limiting their use at cryogenic temperatures and
their applications (e.g. non-biological) [24, 28]. For experiments involving
superconducting resonators, improvements were made also in the choice of
the materials, and using high-Kinetic Inductance Devices [29-32]. In these
experiments the kinetic inductance of the superconducting material used for
the resonator contributes, together with the geometrical one, to the detection.
Finally, improvements were achieved also in the detection chain. Here in par-
ticular, the introduction of Josephson Parametric Amplifiers as a first (low
temperature) amplification stage combined with the use of superconducting
resonators with very narrow (= pm) active elements, has further pushed the
sensitivity to an unprecedented level, down to the quantum limit of detection
[33]. State of the art sensitivities of ~ 10'-10%spin/v/Hz and with volumes
down to femtoliters have been recently reported [33-35].

In this work we investigate Inverse Anapole Resonators (hereafter, IARs)
made of superconducting Yttrium Barium Copper Oxide (YBagCu3zO7, here-
after YBCO), a high-T,. superconductor, working at microwave frequency (7-15
GHz) to perform ESR spectroscopy over small spin ensembles. IAR geome-
tries made of metallic conductors has been previously demonstrated to confine
the MW magnetic field into a very small active volume on the order of tens-
hundreds of picoliters [26]. Moreover, the analysis of the currents circulating
inside these devices has shown that these geometries can efficiently suppress ra-
diation losses, giving overall large quality factors, and well spatially-separated
magnetic and electric field maxima, reducing dielectric losses introduced by
the sample [26]. We take the advantage of the high resilience of YBCO to
externally-applied static magnetic fields [14, 36] which, to the best of our
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knowledge on the literature, has never been investigated before on IARs. We
test the transmission spectroscopy and the spin sensitivity achieved by our
TAR both in Continuous-Wave (CW) and in Pulsed-Wave (PW) regime of ex-
citation using a diluted ensemble of «, y-bisdiphenylene-3-phenylally (BDPA)
organic radical molecular spin, a standard commonly used for the calibration
of spectrometers. To get more insights on IARs, we compare our results with
microwave transmission spectroscopy performed on the same BDPA organic
radical using two different linear coplanar resonators (hereafter, Reference
resonators) which we have extensively characterized and used in previous
works. For the CW results, the Reference resonator has a fundamental fre-
quency vy = 7.71 GHz and a width for the central conductor of w = 200 pm
[14, 37]. For PW results, the Reference resonator has fundamental frequency
vy = 6.91 GHz and a width for the central conductor of w = 600 pm [38].
An improvement of more than 2 (3 for some cases) orders of magnitudes is
found in spin sensitivity with respect to our reference resonators, reaching
S = 8-10%spin/v/Hz for CW regime and up to S ~ 107 spin/vHz in PW
regime, and with effective volumes in the sub-nanoliters (& 0.1-0.2nL) range.
Our results are found to be in line with the sensitivity values reported in the
literature for the best IARs and also with the ones reported for similar planar
microwave geometries.

2 Results

2.1 Inverse Anapole Resonators (IARs)

Inverse Anapole Resonators are shown in Fig. 1. The resonator has external
dimensions of 4.4 x 4.7mm?, and was designed to be fabricated with super-
conducting YBCO films (330 nm thickness) on Sapphire (430 pm thickness)
substrate. It contains two D-shaped conducting parts (inner and outer radius
Riny = 1.35mm and Re,¢: = 2.15mm, respectively) connected by a narrow
rectangular-shaped conducting strip with width W = 50 um. Hereafter, the
resonator with these dimensions and geometry will be referred to as TAR Al.
We additionally report in Supplementary Information the results obtained for
a similar resonator (IAR A3) with the same size and dimensions but in which
only the central conducting part has a different shape.

The chip carrying the resonator has no ground plane on the back and it is
placed on top of a YBCO microstrip transmission line, which is used to probe
the resonator with microwaves. The transmission line (width W; = 400 pm)
has been fabricated on a separated chip with a back YBCO ground plane.
The system consisting of IAR and feeding line has been mounted into a cop-
per shielding box (see Sec. 5). In the configuration used in this work, TARs
will be aligned on the transmission line in order to have the three conducting
strips parallel to the longitudinal axis of the transmission line. Here we men-
tion that TARs can have several additional working configurations, since their
coupling with transmission line (and, consequently, their resonant frequency
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Figure 1 a) Sketch of the chip with the microstrip transmission line (width W; = 400 pm)
with the Inverse Anapole Resonator (IAR) A1l on top. In the configuration used in this work
the central conducting strip is aligned in order to be parallel to the axis of the microstrip
transmission line. The chip carrying the IAR is not shown for better clarity. Green rectangle
shows the position of the sample, while red arrow shows the direction of the static magnetic
field, Bo. b) Sketch of the anapole resonator used in our experiments with its dimensions
(W =50 pm, Rijnt = 1.35mm, Reyt = 2.15mm g = 178 um). Black areas in figure corre-
spond to YBCO. A photo of the device in the configuration used in this work is shown in
Supplementary Information.

and transmission) can be tuned by changing the position and/or the angle of
the resonator with respect to the line [24-26].
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Figure 2 a) Full range transmission spectra of IAR Al taken in zero field at 4 K and with
-10 dBm input power (blue line). b-c-d) Zoom of the transmission of the three resonant
modes investigated in this work.

In Fig. 2 we report the transmission spectrum (scattering parameter Sa;)
of TAR A1 (see Sec. 5 for details). The transmission baseline is defined by the
characteristics of the microstrip line used to feed the device. Several resonant
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modes are visible as dips in the transmission spectra, as a result of the excita-
tion of the resonant modes in the coupling geometry used. In particular we can
identify and fully attribute to IAR the three modes at ~ 7.57,8.52,12.84 GHz
(see Fig. 2, hereafter Mode #1, #2 and #3, respectively), which will be used in
this work. Two additional dips are visible at ~ 9.5, 11 GHz. Further inspection
reveals that these resonances are given by the shielding box of the device and,
hence, are not considered in this work. The quality factors of the three TAR
modes are (Q = 750,310, and 1250, respectively. These modes are overcoupled
to the transmission line, giving loaded quality factors.

2.2 Electromagnetic Simulation of IARs

In Fig. 3 we report the simulation of the MW magnetic field distributions for
Modes #1, #2 and #3 of Fig. 2. For Mode #1 the oscillating field is mainly
localized on the two outer conducting strips (the ones linking the D-shaped
parts with the outer conductor), while there is no MW field in the central
region. Conversely, for Mode #2 and #3 the MW distribution is localized over
all the three conducting strips and the maximum field intensity is reached
in the central one. The comparison between Modes #2 and #3 shows that
the largest confinement of the MW field in the central region (i.e. without
appreciable currents circulating in the outer part of the device) is achieved for
Mode #3.

(a) I () . (e) .
(b) (d) (f)

.

Figure 3 Electromagnetic simulation of the spatial distributions of the magnetic compo-
nent of Modes #1 (a,b), #2 (c,d) and #3 (e,f) of IAR Al. The 3D plots on top show the
magnitude of the MW field taken at the surface of the resonator. Each plot on bottom shows
a zoom of the top view of each distributions. For each mode, colorscale is normalized as de-
scribed in Sec. 5.3, with red color being the maximum and blue color being zero.
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2.3 Continuous Wave Transmission Spectroscopy with
TARs

We characterize the magnetic coupling of our TARs with a sample of «,~-
bisdiphenylene-/3-phenylally (BDPA, for short) diluted in a Polystyrene ma-
trix, with a nominal density of ~ 1-10'® spin/mm?. The &~ 4.5 x 2 x 0.43 mm?
sample is placed on top of the resonator in order to cover the central part of
the device, in particular the three conducting strips, as in Fig. 1. No significant
changes in the Q-factor or in the resonant frequency are found on Modes #1,
#2, #3 when the sample is added. The static magnetic field is applied parallel
to the longitudinal axis of the transmission line. The sample is cooled at low
temperature and the CW transmission spectra are acquired as a function of
the static magnetic field with a Vector Network Analyzer (VNA, see Sec. 5 for
details).

(a) 3 ' ;K,vsouam" (b) 12.8462 4K, -60 dBm
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Figure 4 CW transmission spectroscopy of BDPA organic radical coupled to IAR A1l for
Mode #1 (7.56 GHz, a-c) and for Mode #3 (12.84 GHz, b-d). Frequency shift of the resonator
(a-b) and corresponding signal intensity (c-d) as a function of the static magnetic field are
shown. Black dashed lines are fits based on Eq. 1. All measures are taken at 4 K and -60
dBm.

We report in Fig. 4 the CW transmission spectra obtained for Mode #1
and #3. For each resonant frequency, the shift of the resonant frequency and
its corresponding normalized intensity as a function of the externally applied
static magnetic field are given. The transmission intensity is normalized to the
level given by the depth of each corresponding zero field transmission dip, to
allow for comparison with the coplanar geometries. A shift of the resonant fre-
quency and a corresponding increase of the transmission level is found around
each resonant field value for all modes. This behavior shows that the sample
is in the weak coupling regime [11, 39].
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We fit the frequency shift as a functlon of the static magnetic field with
Eq. 1 (dashed lines of Fig. 4), which is based on the analogy between the
coupled resonator and ensemble and an equivalent lumped element electrical
network [11, 23]. For each j'* line, Q; = Qg j\/Ness; is its corresponding
collective coupling rate, which depends on the single spin coupling rate, {2g ;,
and the effective number of spins involved, N¢f¢ ;. The parameter «y; is the
Half-Width-Half-Maximum of each line, while vg ; = g;1pBo/h is the Zeeman
frequency, which depends on the Lande g-factor, g;. For each line, we treat
Qs,j,7;j, and g; as free parameters for fittings. We find that at least 5 lines
are needed in order to properly reproduce the measured frequency shift, with
two of them giving the main central signal. This is consistent with what was
previously observed also in Ref. [22, 40, 41] for ESR spectroscopy of similar
samples of BDPA diluted in Polystyrene.
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Figure 5 Coupling parameters extracted for each of the three modes of IAR A1 at 4 K using
the spectra of BDPA shown in Fig. 2. Points obtained for the same sample coupled to the
Reference coplanar resonator at 2 K (light blue and blue symbols) are added for comparison.
Dashed rectangle shows the range of values of the coupling rate of lines #1 and #2 of BDPA
with the Reference resonator between 2 and 5 K (see Supplementary Information).

We report in Fig. 5 the coupling rate and the linewidth obtained from the
data of Fig. 4 as a function of the frequency of each mode. The linewidth
measured by TAR is slightly larger than the corresponding one measured by the
Reference coplanar resonator. We attribute this effect to the less homogeneous
MW field of TAR geometry. The coupling rates are on the order of 1-2 MHz,
while the linewidth is always around 8-10 MHz, confirming that BDPA is
weakly coupled to the resonator. Although a direct comparison between the
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collective coupling rates is difficult, we can argue that the coupling values found
for AR (at 4 K) are smaller than the ones found for the coplanar resonator
between 2 and 5 K, with only the values found for these latter temperature
being very close to the ones of IAR (see dashed rectangle in Fig. 5). Since
we have larger single spin coupling rates for IAR geometries, this necessarily
implies that the effective number of spins involved in the coupling is smaller.

2.4 Pulsed Wave Transmission Spectroscopy with IARs

We now consider the PW regime of MW excitation. We use the same TAR
and sample described above under the same experimental conditions and con-
figuration of Fig. 1. The set up used for the generation of the pulses and for
time-domain signal acquisition has been previously developed and described in
[38], in which an additional output amplifier has been added (see Sec. 5.4 for
further details). Since all three modes of IAR are found to respond to single
pulse MW excitations (see Supplementary Information), it turns out that it
is possible to address BDPA spin ensemble and to manipulate it through the
TAR. After preliminary tests and pulse calibrations, BDPA is found to give a
Hahn echo when resonantly coupled to Modes #1, #2 and #3 (see Supplemen-
tary Information). The comparison of the echo signal obtained from the same
BDPA sample on the large coplanar resonator previously used in [38] (see Fig.
6 and Supplementary Information) shows that the echo signal is rather small,
as expected from the much lower number of spins involved in the coupling and
addressed by the pulses. In particular, since the echo signal measured for Mode
#2 is found to be the weakest among the three IAR modes and its intensity is
comparable with background, we restrict our investigations only to Mode #1
and #3. Further analysis and checks of the echo signal shows that the MW
pulses cannot individually address line #1 and #2, and that the echo signal
visible is arising from their joint dynamics. The detection of a Hahn echo by
the TAR demonstrates the possibility of coherently manipulating BDPA using
this resonator.

Fig. 6 show the integral of each echo signal obtained from Modes #1 and
#3 as a function of twice the delay between the 7/2 and the 7 pulses. Each
trace is normalized over its maximum value (which is the one found for ¢y = 0)
according to the procedure previously used in [38]. The decay measured for the
large coplanar resonator is added for comparison. The echo signals are found
to decay over the same timescale giving comparable memory time, despite the
different resonators and frequencies used. A slight increase in the decay time
is observed for TAR with respect to the coplanar resonator. However, here we
note that the large noise level does not allow us to analyze this effect in more
details.

—tg )

A(t — to) = A(to)e (o (2)

We fit the data of Fig. 6 with the stretched exponential decay of Eq. 2.
Here t is the initial time, while A(¢¢) is its corresponding amplitude. T, is the
phase memory time, while = is a phenomenological stretch parameter and are
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Figure 6 Pulsed Wave transmission spectroscopy of BDPA on IAR Al. a) Comparison
between the Hahn echo signal obtained with the BDPA sample on a large coplanar resonator
(red trace) at = 6.91 GHz and IAR Al excited on Mode #1 (blue trace), respectively.
The signals were obtained using a different output amplification gain (see legend and Sec.
5.5). b) Decay of the normalized integral of the Hahn echo measured for the large coplanar
resonator (red) and for Mode #1 (7.56 GHz, green trace) and Mode #3 (12.84 GHz, blue
trace) of IAR Al at 4 K. Note that different pulses durations and powers are used for each
measurement. Dashed lines are fits based on Eq. 2.

treated as fit parameters. The results are summarized in Table 1. The memory
time is around 2 ps for all the investigated resonators and modes, and it is also
consistent with the values reported in the literature [16]. The stretch exponent
found for coplanar resonator is in agreement with the one previously reported
in [38] for a similar resonator. We ascribe the slight reduction of the stretch
exponent to the different MW field distribution over the sample volume in the
TAR comparing with the coplanar resonator.

Resonator T (ps) x
Coplanar 1.8+£01 12+0.1
TAR, Mode#1 23+0.2 09+40.3
IAR, Mode#3 19+£0.3 09=+0.3
Table 1 Memory time and exponent obtained for IAR A1l and Reference coplanar
resonator (see Fig. 6) by means of Eq. 2.

We finally mention that we tested Rabi oscillations on BDPA both with
both TAR and reference coplanar resonator, and the results are reported in
Supplementary Information.

3 Discussion

3.1 Number of Spins in CW

We estimated the effective number of spins thanks to = Qgy/Neyy =

Qs+/NoP(T) [11, 42]. Here, Ny is the zero temperature limit for the effective
number of spins, which also corresponds to the maximum number of spins the
resonant mode can couple, while P(T') is the spin polarization as a function
of temperature. We use a Curie-Weiss law in the form P(T) = 1/(T — T¢)
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to model the spin polarization, being Tc = —1 K the Curie temperature (see
Supplementary Information for details).The single spin coupling rate of each
resonant mode has been independently estimated, and are 2g = 6.4,3 and 8.9
Hz for the Mode #1, #2 and #3 respectively. We use the equation above to
estimate Ny and then Ny (provided T' = 4K). The total number of spins
involved results to be on the order of Ny ~ 10''-10'? for both lines #1 and
#2 and for all three resonant modes. Since the spin density of the sample is
known, this allows us to estimate corresponding effective volumes on the order
or Vepp = 3- 10%-5 - 10° um?, which corresponds to tens up to few hundreds
of picoliters. These values are approximately 2-3 orders of magnitude smaller
than those found on measurements of the same sample with coplanar resonator
(No =~ 1-10, see Supplementary Information). These effective mode volume
estimations are also corroborated by additional electromagnetic simulations
(see Supplementary Information).

3.2 Spin Sensitivity

We estimate the CW spin sensitivity for both lines #1 and #2 according to
Eq. 3 and the method previously used in [37]. Briefly, the minimum num-
ber of spins N,,;, is estimated through Eq. 1, by searching the coupling rate
value minimizing the frequency shift of each line down to its minimum value
detectable over the noise level (the fitted linewidth value is used). The corre-
sponding signal-to-noise ratio (SNR), %‘min; is then evaluated and used for
calculation (the noise level is measured as the root mean square of baseline
fluctuation far from resonance). The bandwidth, BW | is given by the inverse
of the acquisition time of the VNA. Here we note the sensitivity as in Eq. 3 can
be further normalized to the signal linewidth (in magnetic field or frequency
units), e.g. by dividing it with the Full Width at Half Maximum (FWHM,
YrwHM,j = 2;, according to our notations), giving Eq. 4 [17, 22, 26].

Nmin
4 Nmin
=5 = (4)

In Fig. 7 we report the sensitivity as a function of the resonant frequencies
for Modes #1, #2 and #3. For comparison, we added points for our reference
linear coplanar resonator and for the other Inverse Anapole Resonator (IAR
A3, see Supplementary Information). The values found for our reference res-
onator is S ~ 10'?spin/v/Hz, in line with the values previously reported for
the same resonator coupled to a Nitroxide organic radical crystal [37]. Anapole
resonators show an improvement in the spin sensitivity of at least one order
of magnitude (IAR A3), and reaching up to more than two orders of magni-
tude for Mode #1 and #3 of TAR Al, where S = 8- 10°spin/v/Hz. Similar
improvement is found also looking at the normalized spin sensitivity .S l (Eq.
4 and Supplementary Information).

S = (3)

S
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Figure 7 CW spin sensitivity estimated according to Eq. 3 for IAR Al. Points obtained
for previously reported coplanar resonators (Refs. [14, 37]) and IAR A3 coupled to same
BDPA organic radical are added for comparison.

To get more insights on our results, we compare our CW sensitivity with
the values reported in the literature concerning planar microwave resonant
geometries developed to couple to small samples. Results and the main
features of each work are summarized in Tab. 2. We note that our values
compare well with the ones reported in the previous work on IARs [26]. It is
worth mentioning that in Ref. [26] the width of the central conductor is 5 pm
instead of 50 um used in our work. Overall, our results compare well also with
other resonators based on either different geometries (e.g. Q resonators) or
technologies (e.g. CMOS oscillators), if one also takes into account also the
various operating frequencies of resonators given in literature. The effective
number of spins and the corresponding effective volume is consistent with
the values reported in the literature, corroborating the possibility of probing
samples with sub-nanoliter volumes.

We now extend the analysis and the comparison above to the PW regime.
In this case a spin sensitivity, S, and its corresponding normalized one, S, can
be defined by means of Egs. 5 and 6, respectively [17, 33].

Necho
S = —echo 5
3/ (5)
S’ _ Necho (6)

2V/BW2y
These equations are formally identical to the ones used in CW, but the
quantities now have a different physical meaning. Here Ne.p, is the number of
spins taking part to the measured echo signal (it’s implicitly assumed that a
spin echo must be used to estimate the sensitivity and, consequently, that a
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. v ) , )
Ref. Resonator p£raterial Min. v T (K N eff g (SRpin s spin
Type size (um) (GHz) ®) (nL) ( \/Hz) ( x/HzmT)
108
(26] IAR Au 5 9.3 300 5-1010 05 - 7100
9.8 5.1011 4-10
[28] Split Cu 150 300 - 1-103 - 3.7 .1012
ring band
-1
[18] Omega Cu 20 14 2 21010 - 1 Df(] s -
300 1.1011 DY
) 0
4.3.10 2.3 10
19 Omega Cu 200 13 300 - 0.5
(1ol B 14 6.8 3.2. 1010 1011
[23] CMOS Cu (?7) 100 17 66 - 0.02 - -
20 300 0.4
- 10
[4] Micro- Cu 15 1.4 300 - 0.1 2-10 - 1011
coil 0.2 6 - 10
T
[22] CMOS Al 45 49 90 30 4.1010 0.04 2 1011 - 10
120 140 300 0.2 410 - 108
[43] CcMOS Cu/Al 80 27 77 1-1011 0.001 2.108 1109
100 300 1.1012 0.1
44 CMOS Al 100 9.4 300 - 0.1 3. 1010 1.5 1011
10
Thfi IAR YBCO 50 7.5 2.5 1.3-1010 o1 8. 109 1.1010
wor Al 12.8 1.5. 1011 1

10nly scaling law normalized on 1010 spins is given, with D being the diameter of the inductor.
Table 2 Comparison between spin CW sensitivity and related experimental conditions for

several planar microwave resonator developed for coupling to small spin ensemble volumes.
Multiple values in some cell gives the extremes of the working range used in each reference,
and does not necessary correspond to the values on same line. N is the number of spins
reported in each work at the given temperature (this will be Ny for our results).

pulse sequence at least equal to Hahn’s one must be applied to the spins). The
signal-to-noise ratio % is measured on the output echo signal. Here we note
that there is a general consensus in using this quantity as it comes from the final
measure, without considering the effect of averaging over different acquisitions
(which, if done, would give a rescaling factor (S/N)|single shot = (S/N)/+/#avr,
with #avr the number of averages) [24, 33]. Conversely, there is a general
agreement on the fact that using pulse sequences with larger number of 7 pulses
with respect to Hahn’s one (e.g. Carr-Purcell-Meiboom-Gill, CPMG) improves
the signal-to-noise ratio as (S/N)|cpma = (S/N)|gannv/Favr [24, 33]. Finally,
the bandwidth is given by the repetition rate of the sequence used.

Based on these considerations, we estimate spin sensitivity in the PW
regime for all three modes of IAR and for our reference coplanar resonator. In
particular since lines #1 and #2 of BDPA are contributing to the same echo
signal (see Sec. 2.4) a unique value of sensitivity S (and then S') is given for
each resonant frequency value. The number of spins contributing to the echo
is evaluated according to the method described in the Supplementary Infor-
mation. Our results are given in Fig. 8. It’s clear that the sensitivity of IAR
exceeds by up to more than 3 orders of magnitude that of reference coplanar
resonator. The maximum sensitivity S ~ 6-107 spin/v/H z is achieved on Mode
#3.

In Tab. 3 we compare our results with the values reported in the literature
concerning planar microwave resonant geometries developed to couple to small
samples and in which PW experiments are reported. Worth to notice that, to
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Figure 8 Spin sensitivity estimated according to Eq. 3 for Inverse Anapole Resonator Al.
Point obtained for previously reported coplanar resonator [38] coupled to the same BDPA
organic radical is added for comparison.

the best of our knowledge, this work is the first report of PW manipulation
of a spin ensemble with IARs. Our sensitivity compares well with the values
obtained using Hahn Echo sequences and similar working frequencies (Ref.
[20, 21]). The sensitivity can be improved by 2 or 3 orders of magnitude by
using resonant geometries with larger resonant frequencies and using CPMG
sequences instead of simple Hahn echo ones, as in Ref. [24, 25]. Here we also
note that our echo signals were measured indirectly with the transmission
line, after the weak currents induced by them into the TAR went through the
relatively-large thickness of the Sapphire substrate (430 pm). Using substrates
with smaller thicknesses (= 200 ym as in [24, 25]) would improve the coupling
between TAR and transmission line and the possibility of picking-up larger
signals (and improving the signal-to-noise ratio). Further improvement in the
detection inductance of the resonator would further increase the sensitivity, as
shown in [33-35].
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. v .
Ret. Resonator pfatorial Min. v T (K N Seq. eff s (spin
Type size (um) (GHz) ) eff 4 (nL) Sva:r-2)
8
[20] Loop gap Au 50 12 300 - 1 8- 108
Omega 17 Hahn 10 4.5-10
T
21] Loop u 2 10 200 } 0.04 6.4 - 10
gap 150 17 Hahn 6.9 1.2-10°
Loop Cu 5 10 10 . 0.04 2.9 - 107
-
sap 150 17 Hahn 6.9 3.6 - 109
105
[24] ParPar Cu 20 35 10 5.7.109 CPMG 0.1 16'9 10 6
36 300 180 = (ro9.2-10%)
5 5.8 - 10°
YBCO 50 35 10 s.7.109 CPMG 0.1 5 A
36 77 180 = (t7.8-109)
1.3 - 10
25 ParPar Cu 20 34 50 2.1011 0.4
(251 36 300 Hahn 6.2 2.3 . 108
-
. 11 CPMG 0.4 6.3 - 10°
2-10 161 = 6.2 (t8 - 109)
[33] Lumped Al 1 7 0.012 1.2-10% 0.02 1.3-103
Element Hahn
1.3.103 CPMG = g2 1.5 - 102
600 =
[29] Lumped Nb 2 4.96 0.02 1.5-10° . - 2. 10
Element Hahn
(35] Lumped Al 0.5 7.27 0.012 2. 102 2.10~4 65
+ nanowire Hahn
B CPMG B 33
200 =
. Lumped 7.2 -6
34 P Al 0.1 0.02 36 . 12
(341 + nanowire 7.5 Hahn 6-10
R CPMG B 6
20
i 7
This IAR YBCO 50 7.5 2 3.8 . 1010 0.1 6-10
work Al 12.8 5 2.4.10l1 Hahn 0.2 1-108

1Values are normalized to the square root of the number of 7 pulses to refer to a simple Hahn Echo sequence, see [33].

Table 3 Comparison between spin PW sensitivity and related experimental conditions for
several planar microwave resonator developed for coupling to small spin ensemble volumes.
Multiple values in some cell gives the extremes of the working range used in each reference,
and does not necessary correspond to the values on same line. Note that we do not give the
sensitivity S’ since its value is given in literature.

4 Conclusion

In conclusion, we designed and fabricated Inverse Anapole Resonators made of
superconducting YBCO/Sapphire films and working at microwave frequency,
and we then tested them with BDPA organic radical diluted in a matrix of
Polystyrene. In the CW regime of excitation the system consisting of TAR
and spin ensemble is found to be in the weak coupling regime for each res-
onant mode. Further analysis reveals that typical effective volumes involved
in the coupling are on the order of 0.1 nL (= 10% um?), and that spin sensi-
tivities S = 8- 10 spin/v/Hz (or equivalently 8" = 1-10'spin/(mT vHz))
can be achieved. The comparison with the sensitivity achieved with our linear
coplanar resonator and the same sample shows an improvement of up to more
than 3 orders of magnitude. Our sensitivities compare well with the values
reported in the literature on similar planar resonant geometries. In the PW
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regime of excitation, the Hahn echo signal was observed for all the modes of
IAR, demonstrating the possibility of manipulating sub-nanoliter volumes of
BDPA spin ensembles coherently. Thus, our results are very promising in the
view of the application of IARs in ESR or hybrid quantum systems, consid-
ering the large thickness of the Sapphire substrate which separates the TAR
from the feed line. Moreover, it was also possible to measure the Memory time
of BDPA and to observe Rabi oscillations. The PW sequences performed on
the same sample with a linear coplanar resonator reveals comparable mem-
ory time and a slightly slower decay of the Rabi oscillation, probably due to
the lower MW field inhomogeneity. Further analysis allowed us to estimate
an effective number of coupled spins Nfr ~ 10°-10'! (corresponding to
~ 0.1-0.2nL) and a PW spin sensitivity S ~ 107-10% spin/v/Hz (or, equiva-
lently, S" &~ 107-10% spin/(mT v/Hz)). The comparison of the sensitivity with
our previous results on coplanar linear resonator shows an improvement in
more than 3 orders of magnitude. The comparison with the literature reveals
that, although the performances of our IARs are in line with some reports,
further improvements can be done. In particular, the sensitivity would bene-
fit from further modifications in the geometry (e.g. shrinking the size of the
central conductor, reducing the thickness of the substrate) as well as in im-
proving the output amplification (e.g. adding a low-noise cryogenic amplifier
in proximity of the device).

5 Methods

5.1 BDPA Organic Radical sample

Our a, y-bisdiphenylene-3-phenylally (BDPA) organic radical was diluted into
a Polystirene matrix, reaching a nominal spin density of ~ 1-10'® spin/mm3.
Our sample was prepared by first dissolving Polystyrene in toluene and then
adding commercial concentrated BDPA powder (0.08 % by weigh BDPA to
polystyrene). Toluene is then let evaporate to obtain a film sample, which was
then cut into a parallelepiped shape with dimensions ~ 4.5 x 2 x 0.43 mm3. For
comparison we mention that a pure 100% BDPA powder (with no Polystyrene)
has a concentration of ~ 1.5 - 10'® spin/mm? [16]. Additional information on
BDPA are given in Supplementary Information.

5.2 Fabrication of the Resonators

Our resonators were designed and adapted starting from the geometry previ-
ously reported in [26]. We fabricate the resonators from 5 x 8 mm? single-sided
YBCO/Sapphire commercial films purchased from Ceraco company. The res-
onators are patterned by optical lithography with positive photoresist followed
by etching with argon plasma in a reactive ion etching (RIE) chamber to
remove the excess YBCO. The YBCO transmission line is fabricated from
commercial 10 x 10 mm? double-sided YBCO /Sapphire films by optical lithog-
raphy followed by wet chemical etching, according to the procedure previously



Springer Nature 2021 B TEX template

Superconducting YBCO Anapole Resonators 17

reported in [14]. The bottom YBCO film is used as ground plane for the
transmission line.

The linear coplanar resonators used as reference for CW and PW spec-
troscopy are the ones previously investigated in [14] and in [12, 38], respec-
tively. Both resonators were fabricated by optical lithography follower by
wet chemical etching starting from commercial 10 x 10 mm? double-sided
YBCO/Sapphire films.

5.3 Electromagnetic Simulations

Electromagnetic simulations of the whole devices (IAR and its transmission
line) has been carried out with the CST Microwave software. A 1:1 scale model
of the device has been designed and then simulated in order to extract the MW
field distributions. The superconducting YBCO parts were treated as Perfect
Electric Conductor (PEC) while €, = 10.77 and tand = 1-10~% have been
used for the Sapphire substrate. The input power given to the ports of the
model during simulation was fixed to 1 W. For the field distributions shown in
this work, the magnitude of the MW field has been normalized over the same
maximum value of 30 mT for better comparison.

To estimate the effective mode volume, a 1:1 scale model of the sample was
added on top of the resonator. The effective mode volume was estimated by
calculating the integral of the squared of the (normalized) MW field distribu-
tion over the sample volume, in a similar way to the method previously used
also in [12]. To take into account the finite extension of the MW distribution,
a cut-off value was used during integration (see Supplementary Information).

5.4 CW Transmission Spectroscopy

The transmission line was mounted in an Oxigen-Free High Thermal Conduc-
tivity shielding box equipped with SMA connectors and launching antennas,
as previously described in [11, 14]. The edges of the line are glued to the an-
tennas with silver epoxy paint in order to provide electrical contact with the
MW lines and the external MW electronics. The resonator was then placed on
top of the transmission line and glued with a small amount of vacuum grease,
and it was carefully aligned to its final position (see Fig. 1) under optical mi-
croscope. Finally, the sample is placed on top of the the IAR and glued with
a small amount of silicone vacuum grease.

Continuous-Wave transmission spectroscopy was carried out with the same
set up previously reported in [11]. Briefly, the resonator box is mounted on
a low temperature probe equipped with MW coaxial line and thermometer
and inserted in a Quantum Design Physical Property Measurements System
(QD PPMS), which is used to cool down the sample and to apply the static
magnetic field. The transmission spectra of the device are measured with a
Vector Network Analyzer (VNA). Additional room temperature attenuators
and amplifiers are added on the input and on the output line, respectively. A
total attenuation of 60 dB (MW line + attenuators) and total output gain of 74
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dB are achieved in this configuration. In this paper, if not otherwise specified,
all the power values given will refer to the level of the input antenna inside
the shielding box. Neglecting the attenuation given by half of the microstrip
transmission line (& 5mm) with respect to the total length of the input MW
line (&~ 1.5m), this will correspond approximately to the input power available
on the back side of TAR.

5.5 PW Transmission Spectroscopy

Pulsed-Wave transmission spectroscopy on the reference coplanar resonator
was carried out with the previously developed set up reported in [38]. It is a
home-made heterodyne spectrometer based on an Arbitrary Waveform Gener-
ator (AT ARB Rider AWG-4022 by Active Technologies) with tunable probing
frequency. Due to the small signals expected, the set-up was modified for work-
ing with TARs. In particular, the input amplifier was replaced by a power
amplifier (Mini-Circuits ZVE-3W-1834, 35 dB gain), while two voltage ampli-
fiers (Fairview Microwave SLNA-180-38-25-SMA, 38 dB gain each) were used
on the output line before the detection mixer.

For each different resonator and working frequency the MW pulses were
first calibrated within a two-pulses calibration procedure in order to maximize
the amplitude of the echo signal given by BDPA. A relaxation time of 30 ms
was added at the end of each sequence to avoid sample saturation. This time
gives the sequence repetition rate and the detection BW used in estimating
the PW sensitivity [24, 33].

For the reference coplanar resonator the Hahn echo experiment was carried
out using MW pulses with duration of 150 and 300 ns for the 7/2 and 7 rota-
tion, respectively. The initial interpulse delay was set to 7 = 900 ns, and 2000
averages for each point of echo decay step were taken. The MW attenuation
level used before the input power amplifier was set to zero decibel. The pulse
parameters for each mode of IAR were found to be quite different. Hahn echo
sequence was found to give an optimal echo on Mode #1 using ¢,,, = 100 ns
and ¢, = 200 ns, an initial interpulse delay 7 = 500 ns with attenuation of 0
dB, while the best parameters obtained for Mode #3 were ¢,/ = 300ns and
t. = 700 ns, an initial interpulse delay 7 = 400 ns with attenuation of 0 dB. For
both modes the number of averages of the echo decay point was set to 2000.

Supplementary information. Further information on BDPA organic rad-
ical sample, electromagnetic simulations and on CW and PW transmission
spectroscopy as well as further discussions are given in Supplementary
Information.
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