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integer-spin species with large zero-field 
splittings,[3] there has been a drive toward 
employing higher magnetic fields and 
microwave frequencies. This transition 
was started from the conventional X-band 
(i.e., 300 mT and 9 GHz) and has reached 
THz frequencies, where magnetic fields 
above 5 T and frequencies higher than 
about 100  GHz are used.[4] Nowadays, 
high-frequency EPR (HFEPR) instru-
ments operate in a broad frequency range, 
from 100  GHz up to about 1 THz, and 
further improvements can be expected to 
emerge from recent THz technological 
developments.[5,6] A key element of any 
conventional EPR instrument is the reso-
nator, which is commonly a 3D cavity 
that enhances the microwave magnetic 
field in a specific volume, thus increasing 

the measurement sensitivity. Single-mode cavities are the 
most used resonators but, since their dimensions scale with 
the third power of the wavelength, they are too small for use 
in HFEPR.[1] 3D Fabry–Pérot resonators are more amenable to 
high-frequency applications; however, their employment is lim-
ited by drawbacks such as high resistive losses and low filling 
factors.[1,7] For these reasons, and because bulk samples often 

Nanoscale magnetic systems play a decisive role in areas ranging from 
biology to spintronics. Although, in principle, THz electron paramagnetic 
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sensitivity has precluded realizing this potential. To resolve this issue, the 
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samples confined to the active region of the antennas. These findings open 
the door to the elucidation of fundamental processes in nanoscale samples, 
including junctions in spintronic devices or biological membranes.
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1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy is a well-
established technique for investigating systems with unpaired 
electrons. It is widely applied in research areas including chem-
istry, physics, medicine, biology, and materials science.[1,2] To 
enhance absolute sensitivity, spectral resolution and access 
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give strong signals, HFEPR measurements are typically carried 
out without any resonator. However, this is no longer viable 
when dealing with volume-limited samples, ranging from bio-
chemical materials to thin magnetic layers. To underline the 
importance of accessing information from volume-limited 
samples, we provide here a few practical examples. EPR is used 
to investigate the conformation and dynamics of enzymes via 
spin-labeling methods, which allows for the elucidation of the 
mechanisms of enzyme functioning.[8,9] However, the prepara-
tion of large quantities of spin-labeled biomolecules is usually 
prohibitively challenging. Moreover, self-assembled monolayers 
of biomolecules are used in combination with nanoparticles for 
drug-delivery systems,[10] and for progress in this area it is fun-
damental to improve the tools for their characterization. In the 
context of thin magnetic layers, two examples of topical mole-
cular magnetic materials are single-molecule magnets, for real-
izing nanomagnetic data storage, and molecular spin qubits, 
for implementing quantum technologies.[11–15] The properties 
of these molecular systems are also appealing for realizing 
spintronic devices, which requires their deposition and char-
acterization onto surfaces.[16–18] However, the changes of their 
properties, as compared to the bulk material, following deposi-
tion onto a surface are still poorly understood and their study 
is essentially limited to synchrotron techniques.[19,20] Although 
synchrotron methods allow for the investigation of relevant 
properties, they cannot be used for physical addressing of these 
materials, which is a requirement for the progress in molecular 
quantum spintronic devices. The development of more sensitive 
techniques for studying and addressing species in a monolayer 
or thin films is clearly warranted and 3D resonator schemes are 
insufficient for this purpose. Indeed, when this type of sample 
is placed in a 3D resonator it fills only a very small fraction of 
the mode volume, leading to very small signal intensities. In 
this respect, 2D resonators are a promising alternative.

Single 2D microresonators in the microwave frequency 
range (2–15  GHz) for EPR have been previously investigated 
with increased sensitivities by more than one order of mag-
nitude.[21–26] In contrast, 2D resonators operating in the THz 
frequency region have not yet been reported. 2D resonators 
at conventional microwave frequencies are single entities that 
employ coplanar waveguides or strip-lines to couple the radia-
tion into the resonator. The use of waveguides is not convenient 
at THz frequencies since losses through them are prohibitive. 
Thus, quasi-optical, free-space methods must be employed. 
Free-space coupling has the additional advantage that many 
resonators can be easily coupled to the same radiation source. 
A conceptual way to realize THz planar resonators and their 
coupling to THz electromagnetic radiation is by exploiting the 
unique properties of plasmonic metasurfaces.[27] In general, 
metamaterials are artificial materials composed of periodic 
arrays of subwavelength plasmonic units with a specifically tai-
lored electromagnetic response that goes beyond what is found 
in nature.[28–30] Metasurfaces are metamaterials with subwave-
length thickness.[31,32] Their electromagnetic response can be 
derived either from the effect of individual plasmonic resona-
tors or plasmonic antennas (PAs), or from the propagation of 
surface plasmons involving the entire array structure.[33,34] The 
nature of the response depends on the shape and dimensions 
of the plasmonic units and their configuration. This allows for 
tailoring the metasurface properties depending on the specific 

application.[35–37] Here, we are interested in the capability of 
squeezing the electromagnetic radiation beyond the diffrac-
tion limit, in a similar fashion to the use of nanoantennas in 
visible and near-infrared frequencies that led to a sensitivity 
revolution.[38] This striking sensitivity was exploited in a range 
of techniques, e.g., Raman spectroscopy,[39,40] fluorescence,[41] 
photocatalysis,[42] magneto-optics,[43] biosensing,[44,45] etc.[46–48] 
In our case, we aim to focus THz electromagnetic radiation in 
a subwavelength volume to enhance the magnetic field of the 
radiation, consequently increasing the sensitivity of HFEPR 
spectroscopy when measuring thin layers and nanostructured 
samples. Therefore, in this work we design, fabricate, and char-
acterize a plasmonic metasurface resonator (PMR) based on 
diabolo PAs. We show HFEPR measurements of a magnetic 
thin film deposited on the PMR and find signal enhancements 
of a factor of 30 averaged over the entire thin layer sample, 
which is estimated to be a factor of 7500 when considering only 
the area above the PAs. The manuscript is organized as fol-
lows: First, we discuss the simulations of the PMR and assess 
the effect of the individual components on the total response. 
Second, we describe the characterization of the fabricated PMR 
by THz transmission and double-transmission experiments, 
together with the respective simulations. Then, we present the 
HFEPR experimental results with and without the use of the 
PMR. Finally, we discuss the potential signal enhancement 
from the PMR for specific but highly relevant cases.

2. Results

2.1. Design of the Resonator

The concept of the experiment is depicted in Figure 1. To trans-
late the concept to working principles, the design of the PMR 
follows from six main criteria that we identified as fundamental 
for high-sensitivity applications in HFEPR spectroscopy. These 
criteria are outlined in the following. 1) Frequency: the geo-
metric dimensions of the plasmonic units must be adjusted to 
match the desired resonance frequency. 2) Bandwidth: conven-
tional EPR operates in field-domain, i.e., the external DC mag-
netic field (B0) is swept at constant microwave frequencies (B1). 
In this case, a narrow frequency bandwidth, corresponding to a 
stronger field intensity, is preferred. 3) B1 orientation: in EPR, 
the magnetic field of the radiation, B1, must be perpendicular to 
the external DC magnetic field B0. Depending on the geometry 
of the magnet that is used to produce B0, it may be preferable to 
use PAs that produce magnetic fields oriented in the plane of or 
normal to the array. 4) Polarization of the incident electromag-
netic radiation: the response of PAs depends on this orienta-
tion. This feature can be used as a switch of the PMR response 
and to produce a specific polarization of the electromagnetic 
radiation. 5) Spatial extension of the PAs resonance mode: for 
extended 2D samples, such as thin layers, it may be advanta-
geous to use PAs whose radiation characteristics extend over 
a broader area at the expense of the maximum field enhance-
ment, as the filling factor will be better. On the other hand, for 
nanostructured samples it will be advantageous to employ PAs 
that provide high field enhancements in a localized area. 6) Use 
of reflectors: if the experimental setup allows it, a back reflector 
placed at a suitable distance from the PA array, e.g., on the back 
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of the substrate where the PAs are fabricated, may dramatically 
increase the antenna gain (see below).

We have used diabolo-shaped PAs as constituent units of 
our PMR, because the THz magnetic field produced by the PA, 
B1,enh, is oriented in a circular fashion around the PA's bridge. 
The polarization directly above the central part of the bridge 
(where the sample is) is thus mainly oriented parallel to the 
array plane and therefore perpendicular to the B0 of the magnet 
employed here. In addition, diabolo PAs can be activated or 
deactivated by rotating the polarization of the incoming THz 
electric field with respect to the long axis of the antenna: only 
when both are parallel will a resonant response be produced. 
This switching is not possible for other PAs, such as split-ring 
resonators. Furthermore, the latter feature more localized mag-
netic field enhancements, which, however, are normal to the PA 
and thus unsuitable for the present purposes. Several modifica-
tions to diabolo nano-PA structures, e.g., fractal, cross-diabolo, 
metal-insulator-metal, broken-diabolo, have been reported to 
finely tune their resonance frequencies and bandwidths.[49–53]

Concerning the choice of frequency, for HFEPR, resonance 
frequencies in the lower THz regime—hundreds of GHz—are 
required. This frequency is a compromise between the desire to 
use high radiation frequencies, leading to higher sensitivities 
and resolutions, and the practical limit posed by magnetic fields 
that can be reached with standard superconducting magnets  
(≈15 T). Although the relation between magnetic field and 
frequency is imposed by the electronic spin resonance and is 
specific for the investigated system, the spin transition of a free 
electron is taken as a reference: 300 GHz corresponds to 10.7 T.[54]  
Plasmonic structures were designed and optimized by exten-
sive numerical simulations using CST Microwave Studio (see 
the Experimental Section).

2.2. Numerical Simulations

All simulations employed a Gaussian beam as the source of elec-
tromagnetic radiation that is linearly polarized in the x-direction 
and propagates toward the −z-direction, i.e., normal to the xy 

plane of the PMR (xyz frame as defined in Figure  1). The PAs 
were designed using gold as a material, given its good plasmonic 
properties and its high stability, while quartz was selected as 
the material for the substrate, given its low dielectric losses in 
the THz range. Materials such as silicon or sapphire have sim-
ilar low losses in this frequency region; therefore, they should 
also support strong plasmonic resonances and could be used 
instead of quartz. However, these materials often possess higher 
levels of impurities that exhibit EPR signals. The near-field dis-
cussed in the following is always determined by averaging the 
in-plane magnetic field component over an area corresponding 
to the central antenna, at a 10  nm height above this. First, we 
optimized the geometric parameters of a single diabolo PA to 
give the maximum magnetic field enhancement in the antenna 
near-field. The calculated relative THz magnetic near-field, 
obtained after dividing by the average magnetic field of the radia-
tion source, is shown in Figure 2a as a function of frequency. 
The PA response displays a broad maximum at 270  GHz with 
an enhancement factor of 22 and a full-width at half-maximum 
(FWHM) of 90 GHz. To increase the area over which the HFEPR 
intensity is enhanced, we moved to an array of diabolo PAs that 
each have the same geometric dimensions as the individual PA.

We chose a 7 × 7  square array as this corresponds to the 
structure that was eventually realized. Simulations performed 
on smaller (3 × 3  and 5 × 5)  and larger (9 × 9)  arrays show 
superimposable results (Figure S1, Supporting Information). 
The near-field response of the array (Figure  2a) is similar to 
the single antenna response, but the enhancement is slightly 
higher (a factor of 26 instead of 22) and is almost constant 
between 252 and 318  GHz. This suggests that the antennas 
interact with each other in some way. While only a slight 
increase of the enhancement occurs, the overall field enhance-
ment above the array is much larger on account of the larger 
active volume provided by having 49 antennas rather than one.

Our HFEPR spectrometer is a double-pass transmission 
setup, which features a mirror behind the sample that reflects 
the radiation and sends it through the sample a second time. 
To simulate this, we included a gold layer on the back of the 
antenna substrate in our simulations. As a result, the response 

Figure 1. a) Overview of the operating principle of the plasmonic metasurface resonator during a magnetic resonance experiment. The electric field 
component (E1) of the incident THz radiation (hvin) excites the antenna causing a locally enhanced THz magnetic field (B1,enh) oriented around the 
antenna's bridge. The enhanced THz magnetic field (B1,enh), together with the THz magnetic field component (B1), is absorbed by the sample placed 
on top of the antenna. b) Simplified scheme of the EPR setup (see also the Experimental Section). c) An EPR signal is detected at the molecular spin 
resonance, i.e., when the frequency of the radiation matches the energy difference of the spin levels of the molecule. The energy splitting of the spin 
levels depends on the static magnetic field that is applied (B0). In a typical EPR experiment, the magnetic field is swept and the frequency is kept 
constant. The EPR signal that is detected is proportional to the square of the THz magnetic field.
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changes completely (Figure 2b). The frequency dependence of 
the single antenna resonance exhibits two bands with stronger 
relative field enhancement, i.e., 60 at 216  GHz and 37 at 
328  GHz. Moving to the array, the response when including 
the gold layer is now much sharper compared to the other 
configurations, with a maximum relative field enhancement 
of 150 at 291.5 GHz. The quality (Q)-factor, Q  =  f/Δf, i.e., the 
ratio between the resonance frequency (f) and the bandwidth 
determined at the FWHM, (Δf), is 40 for the final PMR model 
(Figure 2b), while it is between 2 and 4 in the other three cases 
(Figure S2, Supporting Information). This is a remarkably high 
value when compared to other plasmonic metamaterials, where 
Q usually does not exceed 10.[55,56] Inspection of the simulated 
field distribution reveals that, besides the plasmonic effects, the 
array works as a 2D grid. This produces Fabry–Pérot oscilla-
tions of the THz radiation within the quartz substrate. Interfer-
ence between the plasmonic resonance of the antennas and the 
standing waves in the substrate determines the final response 
of the metasurface. The amount of energy trapped in the sub-

strate is increased by enhancing the reflectivity of the substrate 
faces, i.e., when the gold layer is included on the bottom of 
the substrate. This strengthens the Fabry–Pérot resonance and 
therefore the total response of the PMR, which results in the 
high-Q response visible in Figure 2b (more detail in Figure S1, 
Supporting Information). By optimizing either the resonance 
frequency of the antenna or the substrate thickness, a maxi-
mally constructive effect was obtained. Thus, the final model of 
the PMR, which was used to fabricate antennas for characteri-
zation and HFEPR measurements, is composed of an array of 
diabolo PAs combined with a reflective back surface of the sub-
strate (Figure 3a). From this investigation, it is evident that every 
element plays a role in determining the final response of the 
PMR. The resonance of the modeled PMR occurs at 291.5 GHz 
and near-field distribution maps for the magnetic and electric 
fields at the resonant frequency are shown in Figure 3b,d,c,e, 
respectively. The antennas' active mode is a longitudinal dipole 
type: The electric field is enhanced at the lateral wings of the 
antennas, whereas the magnetic field is concentrated where 

Figure 2. a,b) Simulated frequency dependence of the in-plane components of the magnetic near-field for a single diabolo antenna and the array a) 
without and b) with a gold mirror layer on the back of the substrate. All the models include the quartz substrate. The resulting amplitudes are divided by 
the average in-plane magnetic field strength of the Gaussian beam source. c) Comparison of THz transmission experiment and simulation of the far-field 
ratios for the array without gold layer. d) Comparison of THz double-transmission experiment and simulation of the far-field ratios for the array with gold 
layer (PMR). The ratios are taken by dividing the active (incident electric field along the x-direction) and nonactive (incident electric field along the y-direc-
tion) signal. e,f) Simplified scheme of the e) THz transmission and f) THz double transmission experiments (more details in the Experimental Section).
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the current density is highest (Figure S3, Supporting Informa-
tion), i.e., across the bridge connecting the two wings.[57] As a 
further feature of the diabolo antennas, the resonance occurs 
when the polarization of the incident electric field is parallel to 
the antenna length (x-direction), as confirmed by simulations 
(Figure S4, Supporting Information). We can therefore define 
active and nonactive orientations corresponding to the electric 
field vector parallel to the x- and y-directions, respectively.

2.3. Terahertz Transmission Experiments

The designed PMR was fabricated by electron beam lithography 
(see the Experimental Section) and characterized by means of 
room temperature THz transmission (Figure  2c) and double-
pass transmission (Figure 2d) experiments. Indeed, we cannot 
measure the far-field transmission through a single antenna, 
as the aperture would have to be smaller than the wavelength. 
However, we can measure the transmission through an array 

of antennas and the double-pass transmission through an array 
with a back reflector—the PMR. The transmission experiment 
was performed in the frequency range of 250–380  GHz, and 
the result for the active orientation was divided by that for the 
nonactive orientation of the PAs. This is necessary to remove 
background contributions from the measurement, including 
effects of standing waves in the transmitted and returned beam 
paths. To allow for comparison with experimental results, 
the same approach was followed for the simulations, which 
is shown in Figure  2c. The experimental curve exhibits two 
minima at 280 and 303  GHz, which can be interpreted as a 
single resonance with some structuring feature. The agreement 
between simulation, for which no empirical parameters are 
used, and experiment is excellent. Not only is the transmission 
minimum found exactly where it is predicted by simulation, 
the latter also reproduces finer details, such as the slight struc-
turing of the main resonance as well as a smaller minimum 
at ≈360  GHz. The double-pass transmission experiment was 
carried out in the same frequency range and, once more, the 

Figure 3. a) Schematic top and side views of the resonator used for modeling. The inset shows in detail the geometric parameters of the antennas. 
The antennas and the mirror on the back of the substrate are made of gold, while the substrate is quartz. b,c) Maps of the simulated b) magnetic and  
c) electric near-fields for the PMR at 291.5 GHz. d,e) An enhanced zoom of the central antenna is provided for the d) magnetic and e) electric near-fields. 
The maps are taken in the xy plane 10 nm above the antennas’ plane. The electric field component (polarization) of the Gaussian beam is oriented along the 
x-axis. The amplitude of THz field enhancement follows the amplitude profile of the Gaussian beam. All maps are normalized to the maximum field value.
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results were obtained by dividing active to nonactive orientation 
signals to remove background contributions. The returned THz 
radiation, which is co-polar with the incident radiation, was 
recorded and is shown in Figure 2d together with the simula-
tion result. The theoretical resonance peak is at 296 GHz and 
is very sharp. The experimental resonance peak lies at slightly 
lower frequency and is broader, which can be attributed to the 
presence of parasitic losses at the sample position or through 
the optical co-polar path. Interestingly, the features outside the 
resonance region, e.g., at 355 GHz, are also largely reproduced 
by the simulation.

2.4. High-Frequency EPR Experiments

Having characterized the PMR, we now turn to the application 
in HFEPR measurements. To this end, we prepared a thin film 
of 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) 
radical diluted 1:20 (by weight) in a poly(methyl methacrylate) 
(PMMA) matrix deposited by spin-coating on top of the PMR. 
A second sample was prepared by spin-coating on top of a bare 
quartz substrate. These samples are hereafter indicated by 1PMR 
and 1REF, respectively. The thickness of the films was deter-
mined by profilometry to be 330 ± 10 nm. Field-frequency mag-
netic resonance (FFMR) maps were measured between 250 and 
370 GHz and from 8.3 to 13.3 T at a fixed temperature of 10 K. 
Furthermore, both the active (1PMR-ACT) and nonactive (1PMR-NA)  
orientations of the PMR were investigated to disentangle the 
antenna contribution from the total response. The signal pro-
cessing of the raw FFMR maps (Figures S5–S7, Supporting 
Information) consisted of subtracting the standing waves, fit-
ting the EPR signal as a function of frequency by a Gaussian 
derivative line-shape function and integrating the latter (see the 
Experimental Section). The resulting FFMR map is shown in 
Figure 4a for 1PMR-ACT, Figure S8 in the Supporting Information 
for 1PMR-NA, and Figure S9 in the Supporting Information for 
1REF. In all cases, the signal corresponds to the diagonal line 
in the map and it comes from the magnetic resonance excita-
tion of the TEMPOL electronic spins, which have S = 1/2 (see 
also Figure 1c). The observed signal is described by the Zeeman 
splitting ΔE  = gμBB0 of the TEMPOL electron spin, where μB 
is the Bohr magneton constant and the g-factor is 2.0072(1).[54] 
While the map provides a useful overview, the EPR signal is 
more clearly visualized by plotting the signal intensity along the 
diagonal as a function of either the magnetic field or frequency. 
The latter is shown in Figure 4b. The signal of 1REF is frequency 
dependent and displays maxima at ≈275 and 320  GHz. More-
over, small oscillations are visible across the spectrum. These 
intensity variations are mainly the result of standing waves 
within the quasi-optical path, which lead to oscillations in the 
detected intensity.[54] It is worth underlining the oscillation 
period of 3.3  GHz in the frequency domain, corresponding 
to 4.5  cm between reflecting elements, which is equal to the 
length of the smooth waveguide taper connected to the corru-
gated waveguide. In contrast, the source intensity is largely fea-
tureless, dropping off slightly at the band edges.[54] Compared 
to 1REF, the sample 1PMR-NA features a wide nonresonant broad 
signal enhancement between 285 and 365  GHz, indicating 
that the PMR influences the signal even when the PAs are not 

active. Furthermore, the 3.3 GHz oscillations are more accen-
tuated here. The signal of 1PMR-ACT is overall similar to that of 
1PMR-NA, but with the addition of a narrow-band resonant inten-
sity enhancement at 287 GHz (inset of Figure 4a). The position 
and shape of this peak match well with the PMR resonance at 
291.5 GHz observed in the near-field simulation for the active 
position of the antennas, which is overlaid in Figure  4b for 
convenience. This indicates that the signal enhancement in 
the narrow band at 287 GHz occurs because of the plasmonic 
enhancement of the THz magnetic field induced by the PMR.

3. Discussion

The signal enhancement produced by the PMR can be esti-
mated using 1REF as a reference. For both 1PMR-ACT and 1PMR-NA, 
a signal enhancement between 5 and 10 occurs in the broad fre-
quency range from 280 to 365 GHz (Figure 4b). Unlike in the 
THz transmission measurements, in the current HFEPR exper-
iments, deviations from a parallel orientation between the PMR 
and the polarization of the incident radiation are more likely to 
occur due to experimental limitations. This would agree with 
the signal enhancement that is still observed for 1PMR-NA, which 

Figure 4. a) FFMR map measured in HFEPR for 1PMR in the active orienta-
tion at 10 K; the PMR resonance area is highlighted in the inset. The color 
scale is linear and normalized to unity. b) Comparison of the frequency 
profiles extracted by the experimental FFMR maps for the PMR in the 
active (1PMR-ACT), nonactive (1PMR-NA) orientations and for the reference 
sample constituted by bare quartz (1REF). The simulation of the PMR near-
field shown in Figure 2b is here reported, and its intensity is scaled for 
comparison.
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is oriented at 90° from 1PMR-ACT. The reason enhancements are 
observed over such a broad THz frequency range, evident in 
both cases, originates from the Fabry–Pérot interference within 
the dielectric substrate induced by the array on one side and 
the gold layer on the other. The strongest enhancement, by a 
factor of ≈30 with respect to 1REF, occurs for the active antenna 
orientation at the PMR resonance (287  GHz), meaning that 
employing the PMR has led to a 30-fold increase of the EPR 
signal intensity. Through numerical simulations, it is also pos-
sible to calculate the magnitude of the signal enhancement and 
compare it to the experimental results. To this end, the square 
of the magnetic near-field was averaged considering the same 
volume of the experimental sample placed over the entire array, 
i.e., 3  mm x 3  mm x 330  nm volume above the PMR model, 

PMR
2H . The same was repeated for the reference sample taking 

as a model the quartz substrate without PAs and with gold 
coating on the back, REF

2H . The enhancement is then calcu-
lated by taking the ratio PMR

2
REF
2H H  and results to be 280. 

The deviation between the predicted (280) and experimental 
(30) enhancement factors is again consistent with a nonper-
fect alignment of the PMR with respect to the polarization of 
the incident radiation. In addition, we cannot exclude further 
losses due to imperfections in the fabricated PMR that are not 
present in numerical simulations, e.g., potentially the two sur-
faces of the substrate are not perfectly plane-parallel.

In any case, a 30-fold enhancement factor constitutes a sig-
nificant improvement when measuring thin-layer samples 
covering the entire substrate. It is important to emphasize 
averaging over the entire antenna array rather than over the 
hotspot of the antennas underestimates the local field enhance-
ment. Indeed, a much higher enhancement is expected when 
the investigated sample is confined to the PA hotspot, e.g., if 
the molecules are grafted directly to the gold antennas of the 
PMR. For such a scenario, we evaluated the effect of the PMR 
by numerical simulations. In this case, the square magnetic 
near-field is integrated over only the antenna area, i.e., in a 
diabolo-like area. The ratio PMR

2
REF
2H H  results in a factor of 

7500, i.e., 26 times higher than what is calculated when aver-
aging over the entire sample volume. The minimum number 
of detectable spins (mnds) can be estimated by analyzing the 
experimental signal-to-noise ratio (S/N) of the FFMR maps. By 
extrapolating the S/N to 1 for 1REF, we obtain an mnds of ≈1010 
spins (G Hz1/2)−1 at 10 K and 287 GHz, which agrees with what 
was previously obtained.[54] By repeating the same analysis on 
the FFMR map of 1PMR-ACT, we found an mnds of ≈109 spins  
(G Hz1/2)−1 at 10 K and 287 GHz. In this case, the volume of the 
measured thin film was 3 mm x 3 mm x 330 nm, i.e., the layer 
covering the entire substrate. On the other hand, if the sample 
is addressed directly on the gold antennas of the PMR, the esti-
mated mnds decreases to ≈106 spins (G Hz1/2)−1 at 10 K at the 
PMR resonance frequency. In comparison, the number of spins 
for a monolayer with a hypothetical density of 1 spin nm−2 cov-
ering only the 104  µm2 PA hotspot area and considering the  
49 PAs of the PMR, is ≈5 × 1011 spins. With the estimated mnds 
of ≈106 spins (G Hz1/2)−1 at 10 K, this leads to an S/N ratio of 
over 105. Therefore, the gain in sensitivity provided by the PMR 
would allow measuring HFEPR spectra of monolayer samples 
with the same spectral quality that would be obtained for bulk 
samples. To contextualize these results, state-of-the-art detection 

limits for HFEPR spectrometers are usually between 1010 and 
109 spins (G Hz1/2)−1 mnds at high frequency and low tem-
perature. Furthermore, there are two main points to consider. 
First, there is an inherent relationship between resonator and 
type of sample. Because different resonators provide different 
distributions of electromagnetic fields, their performances will 
depend on the sample form, i.e., solution, powder, thin layer, or 
crystal. Differently from all other types of resonator, the PMR 
concentrates the field strength in a 2D volume and therefore 
it manifests high performances specifically for thin-film and 
monolayer samples. Second, plasmonic resonances strengthen 
as the frequency is increased. Therefore, the performances of 
metasurfaces, in terms of signal enhancement, are expected 
to increase accordingly. This can help to counteract the signal 
reduction occurring at higher frequencies due to technological 
limits of THz sources. Eventually, the high tunability of metas-
urface-based resonators make them adaptable to a large variety 
of setups and potentially to other type of samples.

4. Conclusion

We have proposed a novel type of plasmonic metasurface reso-
nator, based on an array of gold diabolo antennas in combina-
tion with a back reflector, to use in HFEPR spectroscopy. The 
push for higher frequencies (above 100  GHz) in HFEPR is 
motivated by the improved spectral resolution, as well as the 
ability to access integer spin systems that are otherwise silent 
or difficult to interpret at standard EPR frequencies. We have 
found both nonresonant broadband and resonant narrowband 
EPR signal enhancements due to the PMR. The latter is a 
factor of 30. Local hotspot signal enhancement is predicted to 
reach a factor of 7500, leading to a potential minimum number 
of detectable spins of ≈106 spins (G Hz1/2)−1 at low tempera-
tures. This potentially opens HFEPR to the investigation of 
self-assembled monolayer samples, thin-layer samples as well 
as limited-volume biological samples. Moreover, this paves the 
way for the development of new strategies to integrate mole-
cules in circuits based on plasmonic metasurfaces working 
in the THz frequency range.[58–61] Further improvements in 
antenna design, based on a more in-depth understanding of 
their coupling, the interplay with substrate modes, and the pos-
sibility of integrating an external active control, are expected 
to further increase the sensitivity enhancement and enlarge 
their applicability range.[62,63] Given the high flexibility and the 
ease of fabrication, we envisage that more plasmonic metasur-
face resonators will be designed and customized for different 
applications in magnetic resonance techniques working at high 
frequencies.

5. Experimental Section
Simulations: Numerical simulations were carried out by using CST 

Microwave Studio software (Dassault Systèmes) with the Time Domain 
Solver. A linearly polarized Gaussian beam with a radius of 1.5  mm 
was used as a source. The simulated frequencies range between 200 
and 450  GHz with step-sizes of 1  GHz, decreased to 0.5  GHz around 
the resonance. Appropriate mesh sizes were used for computing the 
fields in the antenna and mirror regions. The electric and magnetic 
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fields were calculated in specific areas and/or volumes as a function 
of the frequencies. The near-field intensities were determined 10  nm 
above the antenna top plane. The material parameters employed for 
the quartz substrate were: dielectric constant ε  = 4.4 and loss tangent  
δ  = 0.0001, according to ref. [64]. For the PMR, the model studied was 
the entire metasurface resonator composed of quartz substrate with 
the 7 × 7  diabolo antennas array on one side and a gold layer on the 
opposite side. For the array, the model consisted of the 7 × 7 diabolo 
antenna array on the quartz substrate without a gold layer. For the single 
antenna, the model consisted of a single diabolo antenna on a quartz 
substrate. The single antenna response was also simulated including 
the gold layer. In all cases, the magnetic near-field was calculated as the 
average of the in-plane magnetic field component over the entire area 
(diabolo-like shape) of the central antenna. The experimental choice of 
a 7 × 7  antenna array was determined by the limited diameter of the 
HFEPR sample holder.

Fabrication: The antenna array was fabricated by using standard 
electron beam lithography (Raith eLine Plus) in a double layer positive 
tone resist (PMMA), 200K and 950K type, Allresist) on a quartz substrate 
(CrysTec GmbH, z-cut, orientation (0001), both sides polished). After 
development, a 2 nm chromium adhesion and a 140 nm gold layer were 
deposited via electron-beam evaporation. All dimensions are depicted 
in Figure 3a.

Sample Preparation: For the chemical sample preparation, 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (assay ≥ 98%) was purchased from 
Fluka Analytical, while PMMA was purchased from Sigma Aldrich 
(MW ≈350 000 by GPC, density: 1.17  g mL−1). Separate chlorobenzene 
solutions were prepared of 50 g L−1 of TEMPOL and 70 g L−1 of PMMA. 
The solutions were mixed to obtain a 5% of TEMPOL in a 50  g L−1 of 
PMMA solution immediately prior to the deposition on the substrate by 
spin-coating. The substrates (PMR and bare quartz) were cleaned a) in 
an ultrasonic bath using isopropanol and then acetone and b) using a 
CO2 stream (Applied Surface Technologies SnowJet) while heating the 
substrate to 100 °C. The films were prepared by static spin-coating with 
a rotation rate of 2000  rpm for 1 min (Ramgraber). The thickness was 
estimated by profilometry (Dektak Stylus Profiler, Bruker).

Single-Pass Transmission Measurements: These were carried out using 
a custom built quasi-optical measurement bench consisting of a THz 
source and zero-bias detector, as well as elliptical mirrors for focusing 
the radiation. The source was used in continuous-wave mode. The 
sample holder featured an aperture diameter of 2.5  cm to counter 
parasitic radiation and allowed in situ rotations of the antenna array 
(Figure S10, Supporting Information).

Double-Pass Transmission Measurements: They were performed with 
the sample placed inside the cryostat kept at T  =  150 K and exploiting 
a home-built HFEPR setup (Figure S11, Supporting Information).[54] We 
detected the co-polar component of the reflected radiation by means of 
a zero-bias detector. All measurements were performed with the antenna 
arrays in active and nonactive orientations and the ratio between these 
two orientations was taken.

High-Frequency EPR Measurements: These were carried out on a home-
built spectrometer that was previously described (Figure S11, Supporting 
Information).[54] The FFMR maps were measured with a field modulation 
amplitude of 3 mT and a field modulation frequency of 30 kHz, while the 
time constant of the lock-in amplifier was set to 3 ms. The THz radiation 
frequency was swept with 1 s per scan, while the magnetic field was 
continuously swept with a rate of 0.01 T s−1. The measurements were 
carried out in induction mode,[65] i.e., the component of the reflected 
radiation orthogonal to the incident radiation was recorded. Data 
analyses were carried out in Python using NumPy, SciPy, and Matplotlib 
libraries.[66–68] The measured signal was processed in the following 
steps: 1) correction of the phase shift between the x/y channels of the 
lock-in amplifier; 2) partial subtraction of the standing waves; 3) fit of  
the individual curves with a Gaussian derivative model; 4) integration of the 
fitted curves. This procedure was applied for multiple purposes: correct 
the microwave phase, remove background noise for integration, and 
display the signal as an absorption peak instead of the first derivative. This 
allowed for an easier and more reliable visualization of maps and profiles.

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