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We report on the design and characterization of single-chip electron spin resonance (ESR) detectors operating 

at 50 GHz, 92 GHz, and 146 GHz. The core of the single-chip ESR detectors is as integrated LC-oscillator, 

formed by a single turn aluminum planar coil, a metal-oxide-metal capacitor, and two metal-oxide-

semiconductor field effect transistors used as negative resistance network. On the same chip, a second, 

nominally identical, LC-oscillator together with a mixer and an output buffer are also integrated. Thanks to 

the slightly asymmetric capacitance of the mixer inputs, a signal at few hundreds MHz is obtained at the output 

of the mixer. The mixer is used for frequency down-conversion, with the aim to obtain an output signal at a 

frequency easily manageable off-chip. The coil diameters are 120 μm, 70 μm, and 45 μm for the U-band, W-

band, and the D-band oscillators, respectively. The experimental phase noise at 100 kHz offset from the carrier 

are 90 Hz/Hz1/2, 300 Hz/Hz1/2, and 700 Hz/Hz1/2 at 300 K, respectively. The ESR spectra are obtained by 

measuring the frequency variations of the single-chip oscillators as a function of the applied magnetic field. 

The experimental spin sensitivities, as measured with a sample of α,γ-bisdiphenylene-β-phenylallyl 

(BDPA)/benzene complex, are 81 10× spins/Hz1/2, 74 10×  spins/Hz1/2, 72 10× spins/Hz1/2 at 300 K, 

respectively. We also show the possibility to perform experiments up to 360 GHz by means of the higher 

harmonics in the microwave field produced by the integrated single-chip LC-oscillators.  

 

1. Introduction 

Methods based on the electron spin resonance (ESR) phenomenon are used to investigate samples in a 

wide temperature range, ranging from above 1000 K [1-4] to below 1 K [5-7]. The measurements are usually 

performed using relatively large microwave cavities as well as with miniaturized conductive [8-19] or 

superconducting [7, 20-25] resonators. Miniaturized resonators are typically used in order to maximize the signal-

to-noise ratio in experiments with small samples. Purely inductive methods based on microresonators have 

sensitivities at the level of few hundreds of electrons spins/Hz1/2 at low temperatures [7, 19]. Non-inductive 

techniques can achieve single electron spin sensitivity [26-28] but are generally considered to be less versatile 

than those based on the more conventional inductive approach [7, 19].  
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In Refs.[12-15] we presented single-chip integrated inductive ESR detectors, fabricated using 

complementary metal oxide semiconductor (CMOS) technologies, operating between 8 GHz and 28 GHz in the 

temperature range from 300 K down to 4 K. The ESR phenomenon was detected as a variation of the frequency 

of an integrated LC-oscillator due to an effective variation of its coil impedance caused by the resonant complex 

susceptibility of the sample. Here, we report on the design and characterization of single-chip ESR detectors 

based on the same operating principle but operating at significantly higher frequency, in particular at 50 GHz (U-

band), 92 GHz (W-band), and 146 GHz (D-band). Operation at higher frequency is interesting for several reasons 

including a potentially better spin sensitivity, a better spectral resolution for some classes of samples, and the 

access to samples with large zero-field splitting which are “silent” at lower frequency [29-33]. The interesting 

and the problematic aspects of single-chip ESR detectors with respect to more conventional microresonator based 

approaches are discussed in details in Sects. 3-5.  

 

2. Operating principle of the single-chip ESR detector 

The principle of operation of the single-chip ESR detectors described in this paper is identical to that 

reported in Refs.[12-15]. In typical experimental conditions, the oscillation frequency of an LC-oscillator coupled 

with an ensemble of electron spins is given by [13] 
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is the imaginary part of the magnetic susceptibility, 1 /LC LC=ω  is the unperturbed oscillator frequency, 0B is 

the static magnetic field, 0 0eB=ω γ  is the Larmor frequency, 0χ  is the static magnetic susceptibility, η is the filling 

factor, eγ  is the electron gyromagnetic ratio, 1B is the microwave magnetic field, 1T  and 2T  are the relaxation 

times. In condition of negligible saturation (i.e., for 2 2
1 1 2 1e B TTγ << ) and for 1ηχ′ <<  , the peak-to-peak variation of 

the oscillator frequency is given by 
2

2 0(1/ 4)LC LCf f Tηχ∆ ≅             (3) 

where / 2LC LCf ω π=  is the oscillator frequency (in Hz). The filling factor η  can be written as 
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where Bu,xy is the field produced by a unitary current in the coil (in T/A) in the direction perpendicular to the static 

magnetic field 0B , V is the entire space where Bu is not zero, and L is the inductance of the coil. The magnetic 

field produced by the single turn planar coil used in this work is highly inhomogeneous. Consequently, the filling 
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factor must be, in general, computed numerically using, e.g., the Biot-Savart law [34, 35]. However, numerical 

simulations show that for samples placed in close proximity (less than 10% coil diameter) to the coil and having 

a thickness smaller than the coil radius and a width smaller than the coil diameter d, the filling factor is, within 

an error of about 25%± , given by 

( ) 2

3
0

0,0,0u s
s

B VV
L d

η
µ

≅ ≅            (5) 

The spin sensitivity (given in spins/Hz1/2) of an ESR detector can be defined as min (3 / )SN N SNR= , where 

NS is the number of spins in the sample and SNR is the signal-to-noise ratio (where the noise is expressed as its 

spectral density in Hz/Hz1/2). If we assume that the frequency noise of the oscillator is entirely due to the thermal 

noise of the coil resistance (i.e., we neglect all other noise sources, in particular the flicker noise and the thermal 

noise of the transistors), the frequency noise spectral density (in Hz/Hz1/2) is 0( / )LCS kTR f Vν = , where V0 is 

the oscillation amplitude, R is the coil resistance, and f0 is the working frequency [18].  

 

3. Description of the single-chip ESR detectors 

The three single-chip ESR detectors described in this work were manufactured using a standard 40 nm 

bulk-CMOS technology (Taiwan Semiconductor Manufacturing Company (TSMC), Taiwan). The use of a 40 

nm technology, instead of the 130 nm or 180 nm technologies previously adopted [12, 13, 15], is essential to be 

able to realize oscillators operating above 100 GHz, with realistic possibilities to achieve operating frequencies 

and above 300 GHz [36]. Each detector has a size of about 0.6x0.6 mm2 (see Fig.1) and it is composed of two 

LC-oscillators, a mixer, and an output buffer (Figs. 1 and 2).  

Each LC-oscillator consists of two minimum-length nMOS cross-coupled transistors and an LC-resonator 

(Fig. 2b). The adoption of nMOS rather than pMOS transistors for the cross-coupled transistor is due to their 

higher speed [37]. No tail current is required in this topology as the circuit is fed by means of an external power 

supply. That is important to ensure a reasonable headroom voltage for oscillators based on deep sub-micrometer 

technologies as well as to avoid additional flicker noise up-conversion from the tail transistor [38]. The U-band 

and the W-band oscillators have, in parallel with the single-turn planar coil, a pair of integrated metal-oxide-

metal (MoM) capacitors having nominal values of 50 fF and 15 fF. The D-band oscillator has no capacitance in 

parallel with the single-turn planar coil and, hence, the oscillation frequency is determined by the parasitic 

capacitances, mainly due to the cross-coupled MOS transistors. The geometrical details, the power consumption, 

the measured frequency noise (FN), the estimation of the minimum microwave magnetic field B1 at the center of 

the integrated single-turn planar coil as well as other key features of the integrated oscillators are reported in 

Table 1. The lower limit in the value of B1 is determined by the minimum transconductance of the cross-coupled 

transistor pair required for stable oscillation whereas the upper limit is given by the maximum voltage swing 

which can be applied across the transistors without damaging their thin gate oxide. The value of B1 generated by 

our single-chip detector is estimated by measuring the voltage at the oscillator bias node IdcV . In condition of 
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stable oscillation [39] the oscillation amplitude is approximately given by 0 ≅ IdcV V . Hence, 1 (1/ 2) ( / )ω≅ u Idc LCB B V L

, where 0 /uB dµ≅ , d is the coil diameter, and L is the coil inductance. This 1B  estimation is in agreement with 

saturation experiments with samples of known relaxation times. 
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(b)

(c)

(d)

VA,B

Vhf+, Vlf+Vhf-, Vlf-

Outm+ Outm-

OUTp OUTn

 
Fig. 1. Detailed schematics of the integrated electronics in the single-chip ESR detectors: (a) Block diagram; (b) LC-oscillator, (c) 
mixer; (d) output buffer. The dimensions (width/length) of the transistors are in micrometers. Pictures of the single-chip ESR detectors: 
(e) U-band oscilllator operating at 50 GHz (120 μm diameter coil), (f) W-band oscillator operating at 90 GHz (70 μm diameter coil), 
(g) D-band oscillator operating at 150 GHz (45 μm diameter coil). 
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The mixer is a double-balanced Gilbert cell (Fig. 2c), biased with a resistor to ground since simulations 

revealed that is an efficient way to reduce the corresponding flicker noise. The power consumption associated to 

such a system depends on the oscillation amplitude through the Vgs of each switching transistor, and it can be 

minimized by reducing the oscillator voltage supply. In order to reduce the capacitive load mismatch between the 

two oscillators, the two lower switches are double sized transistors with respect to the other four. 

The output buffer is a differential class-AB amplifier (self-biased inverter) whose power consumption is 

controlled by means of an off-chip resistor placed on the PCB. The same mixer and output buffer are used for all 

detectors. The power consumption of the mixer and the output buffer is about 130 μW (1.3 V, 100 μA).  
 

 U W D 
Frequency  
[GHz] 

49.2 
49.8 

90 
92 

142 
146 

Coil diameter  
[μm] 120 70 45 

Coil wire width 
[μm] 15 10 5 

Approx. effective 
inductance [pH] 160 90 65 

Approx. effective 
capacitance [fF] 

65 
64 

35 
33 

20 
18 

MOS width [μm] 13.0 13.0 9.6 
MOS length [nm] 40 40 40 
Imin [mA]  
Vmin [V]  
@ 300 K 

1.9  
0.5 

2.5 
0.6 

2.9 
0.7 

Imin [mA]  
Vmin [V]  
@ 10 K  

0.6 
0.4 

0.8 
0.5 

0.9 
0.5 

B1,min [G] 
@ 300 K  1 2 4 

B1,min [G] 
@ 10 K  2 4 7 

FN [Hz/Hz1/2]  
@ 1 kHz, 300 K 

900 
(3) 

2300 
(6) 

8000 
(9) 

FN [Hz/Hz1/2] 
@ 10 kHz, 300 K 

300 
(3) 

1100 
(6) 

2100 
(9) 

FN [Hz/Hz1/2] 
@ 100 kHz, 300 K 

90 
(3) 

300 
(6) 

700 
(9) 

FN [Hz/Hz1/2] 
@ 1 MHz, 300 K 

40 
(3) 

110 
(6) 

290 
(9) 

Nmin [spins/Hz1/2] 
@ 100 kHz, 300 K 

1× 108 

(2× 106) 
4× 107 

(5× 105) 
2× 107 

(3× 104) 
 

Tab1e 1. Key-features of the three single-chip ESR detectors. In the last two rows the theoretical (in parenthesis) and experimentally 
measured frequency noise and spin sensitivity are compared. The theoretical values are computed, using the equation given in Sect. 2, 
assuming as noise source only the thermal noise of the single-turn planar coil resistance (about 0.8, 0.9, and 1.3 Ohms) at the given 
oscillation amplitude (about 0.9 V, 1.1 V, 1.5 V) for the for the 50, 90, and 146 GHz oscillators, respectively. The spin sensitivity is 
measured (and computed) with a sample of BDPA (spin density: 27 31.5 10  spins/m× , relaxation times: 

1 2 100 nsT T≅ ≅ ) at 300 K [40-42]. 

 

As shown in Table 1, the measured frequency noise at 100 kHz from the carrier is up to two orders of 

magnitude larger than the thermal noise limit due to the coil resistance (see Sect. 2). This is mainly due to a very 

large 1/f frequency noise having corner frequency above 1 MHz from the carrier. The combination of an 

excessively large B1 (for samples with a large 1 2TT  value) and the 1/f noise are responsible for the very significant 
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deterioration of the spin sensitivity (two to three orders of magnitude) with respect to the thermal noise limit 

reported in Table 1 (and discussed in Sect. 5). 

 

 
 

Fig. 3. Block diagram of the complete set-up. (A) Oxford Superconducting Magnet 0-17 T with variable temperature insert, (B) helium-
flux valve; (C) heater; (D) B0 meter; (E) thermometer; (F) single-chip ESR detector with off-chip buffer (TI-THS4304); (G) RF 
amplification stage, composed of two HMC-C001, 15 dB gain each); (H) DC power supply (Keysight E3631A, Keithley 2400); (I) RF 
generator (Stanford Research Systems SG384); (J) Mixer (Mini-Circuits ZFM-2000+); (K) IF amplification stage (two Mini-Circuits 
ZFL-500LN, 24 dB gain each); (M) Homemade low-noise Phase-Locked-Loop (200 kHz FM bandwidth, 150-200 MHz lock range) 
based on a phase detector (HMC439QS16G) and a local oscillator (Crystek CVCO55CL-0150-0200); (M) Lock-in amplifier (EG&G 
7260).  
 

Figure 3 shows the block diagram the complete set-up used to perform the electron spin resonance 

experiments reported in this work. In order to provide 50 Ω driving capability, an off-chip non-inverting 6 dB 

buffer amplifier is mounted on a printed circuit board at a few mm from the single-chip ESR detector. Its power 

consumption is about 85 mW (±2.5 V, ±17 mA) at room temperature and about 30 mW (±1.8 V, ±8 mA) at 

cryogenic temperatures. Field modulation with lock-in synchronous demodulation is used as in conventional 

continuous wave ESR spectroscopy. The field modulation coil produces a maximum field modulation of about 2 

G at 100 kHz. The signal at the output of the off-chip buffer amplifier is further down-converted to a second 

intermediate frequency (150-200 MHz) to match the lock range of a homemade frequency-to-voltage converter 

based on a phase-locked-loop (PLL). The latter produces two output signals: (1) an “AC-ESR signal” carrying 

the information on the frequency modulation of the integrated oscillator due to the field modulation, and (2) a 

“DC-ESR signal” containing the information about the frequency difference between the two integrated 

oscillators. The AC-ESR signal is subsequently demodulated using a lock-in amplifier whereas the DC-ESR 

signal is directly acquired. In some measurements with samples having very broad lines, the field modulation is 

not used and only the DC-ESR signal is measured.  
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4. Electron spin resonance experiments 

Figures 4, 5, 6 show the results of measurements performed with the three single chip ESR detectors 

operating at 50, 92, and 146 GHz, respectively. We performed experiments on samples having very different 

characteristics, including an exchange narrowed standard system (BDPA), two hyperfine splitted systems having 

100% and 1% concentrations (Cu2+ in TPP and in Ni(mnt)2), a zero field splitted system (Cr3
+ in Al2O3), and a 

quantum magnet with a very broad line in its paramagnetic state (SCBO). This variety of samples helps in 

underlining both the interesting and the problematic aspects of the single-chip ESR detector approach.  

(c)

(d)

(a)

(b)

(e)

 
Fig. 4. ESR experiments performed with the 50 GHz single-chip detector. Experimental conditions notations: T is the sample 
temperature, 1B is the amplitude of the microwave magnetic field, mB is the amplitude of the modulation magnetic field, mν  is the 

frequency of the magnetic field modulation, st is the time interval of the magnetic field sweep, f∆ is the equivalent noise bandwidth of 

the lock-in. (a) ESR spectrum of a 320 20 10 μm× ×  sample of Mn:MgO (see text) with mν =9.8 kHz, mB =0.2 mT, 1B ≅ 0.2 mT, f∆ = 2.5 

Hz, T=300 K, st =5 min. (b-c) ESR spectra performed of a 360 60 60 μm× ×  sample of CuTPP (see text) at T=300 K, (b) DC signal, (c) 

AC signal with mν =9.8 kHz, mB =0.9 mT, 1B ≅ 0.2 mT, f∆ = 2.5 Hz, st =11 min. (d-e) ESR spectra of a 3100 100 20 μm× ×  sample of 

SCBO (see text) at T=100 K, (d) DC signal, (e) AC signal with mν =9.8 kHz, mB =0.15 mT, 1B ≅ 0.2 mT, f∆ = 0.25 Hz, st =28 min.  
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In Fig. 4 are reported the results of measurements performed using the 50 GHz single-chip oscillator. Fig. 

4a shows the spectrum obtained with a powder sample of MgO (98% purity, Sigma Aldrich, 220361) having a 

volume of about 320 20 10 μm× × . The spectrum consists, mainly, of six hyperfine lines, originated by the 55Mn2+ 

ion having nuclear spin I=5/2 (and electron spin S=5/2). The measured separation between the lines is about 8.7 

mT, in agreement with previous measurements [43]. The measured width of each hyperfine line is about 0.8 mT 

for a B1 of about 0.2 mT, i.e., close to the minimum possible value with our oscillator. Measurements performed 

using an ordinary cavity at 10 GHz show that the unsaturated linewidth is about 0.2 mT, with significant saturation 

for B1 values above 0.05 mT (due to a 1 140 nsT ≅  and a 2 33 ns)T ≅ . At the lowest B1 possible with our oscillator 

(i.e., about 0.2 mT), the signal is broadened by a factor of four and reduced in amplitude by a factor of three with 

respect to a measurement performed with a B1 below 0.05 mT. The six hyperfine lines are likely to be caused 

only by (ms=-1/2, ms=1/2) transitions. All other transitions are not observed due to their strongly anisotropic 

character [44], which makes them invisible for a sample in powder form. Assuming a Mn2+ of concentration 

about 0.2% (as estimated for a nominally identical sample in Ref. [45]) and a density of about 3600 kg/m3 (as for 

a crystal of MgO, probably an overestimation with respect to the effective grain density), the number of Mn2+ 

spins contained in the sample is about 114 10× . Since the signal amplitude is about 50 kHz and the noise is about 

100 Hz/Hz1/2, the spin sensitivity (as defined in Sect. 2) is about 9 1/22.5 10  spins/Hz×  for this sample. In order to 

cross-check if the obtained value is coherent with measurements performed on other samples, we can compute a 

normalized spin sensitivity for a S=1/2 spin system having a single unsaturated line of 0.1 mT measured with 

optimal field modulation, which gives a normalized spin sensitivity of about 7 1/25 10  spins/Hz× . A large broader 

signal is also clearly visible close to the third hyperfine line starting from lower fields, as also reported in Ref. 

[45] and attributed to unknown additional paramagnetic impurities in the MgO sample. In our case, we also 

observe an additional broad signal between the fourth and fifth line and further smaller lines, probably caused by 

other impurities.  

In Fig. 4b,c are reported experiments with a single crystal of 5,10,15,20-Tetraphenyl-21H,23H-porphine 

Cu2+ (CuTPP, Aldrich, 252182) having a volume of 360 60 60 μm× × . The spectrum consists of four hyperfine 

lines (the 63,65Cu nuclei have spin I=3/2) each having a width of about 10 mT and a separation from the others of 

about 16 mT. Due to the limited maximum field modulation available in our set-up (about 0.2 mT), the AC-ESR 

signal (see Fig. 4c) is about one order of magnitude smaller than the DC-ESR signal (see Fig. 4b). CuTPP has a 

density of about 1400 kg/m3, a molecular weight of 676 and, hence, a spin density of about 27 31.2 10  spins/m×  and 

a number of Cu2+ spins contained in the sample of about 142.7 10  spins× . Since the signal amplitude is about 300 

kHz and the noise is about 100 Hz/Hz1/2, the spin sensitivity for this sample is about 11 1/23 10  spins/Hz× . The 

normalized spin sensitivity considering four hyperfine lines for an unsaturated 0.1 mT line of a S=1/2 system 

measured with optimal field modulation is about 7 1/22 10  spins/Hz× , a value coherent with the one computed with 

the Mn:MgO sample.  
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In Figs. 4d,e are reported results obtained on a 3100 90 20 μm× × single crystal of SrCu(BO3)2, a widely 

investigated quantum magnet (see, e.g., Ref. [46, 47]), which we have measured its paramagnetic state at 100 K. 

The spectrum consists of a single broad line (about 170 mT). As for the CuTPP sample, the sub-optimal field 

modulation amplitude determines an AC-ESR signal (about 30 kHz, see Fig. 4e) much smaller than the DC-ESR 

signal (about 10 MHz, see Fig. 4d). Despite the larger noise in the DC-ESR signal (about 940 Hz rms with respect 

to about 130 Hz rms) the signal-to-noise ratio is larger for the DC-ESR signal. 
 

(a)

(b)

 

Fig. 5. ESR experiments performed with the 92 GHz single-chip detector. (a) ESR spectra of a 350 50 40 μm× ×  sample of ruby (see 

text) with mν =9.8 kHz, mB =0.15 mT, 1B ≅  0.3 mT, f∆ = 0.25 Hz, st =18 min, T=200 K; (b) ESR spectra of a 33 3 3 μm× ×  μm3 of BDPA 

(see text) with mν =98 kHz, mB =0.12 mT, 1B ≅ 0.25 mT, f∆ = 0.25 Hz, st =4.5 min, T=200 K. 
 

Figure 5a shows the results of a measurement performed using the 92 GHz single-chip oscillator on a 

single crystal of 1% Cr3+:Al2O3 (Ruby G10, Saphirwerk Industrieprodukt AG, Switzerland) having a volume of 

about 350 50 40 μm× × . Only the three high field lines are shown. In Figure 5b are reported the results obtained 

with a single crystal of BDPA (1:1 α,γ-bisdiphenylene-β-phenylallyl/benzene complex, Sigma Aldrich 152560) 

having a volume of about 33 3 3 μm× × . Due to the excessive B1 (about 0.25 mT) and the sub-optimal field 

modulation amplitude, the signal amplitude is significantly reduced (1.5 MHz instead of 13 MHz) and the 

linewidth is broadened (0.4 mT instead of 0.1 mT). Assuming a spin density of about 27 31.5 10  spins/m×  [42], the 

total number of spin contained in the sample is about 10 34 10  spins/m× . Since the signal amplitude is about 1.5 

MHz and the frequency noise spectral density is about 300 Hz/Hz1/2, the experimentally achieved spin sensitivity, 

according to the definition given in Section 2, is about 7 1/23 10  spins/Hz× . In Table I are reported the obtained spin 

sensitivities measured with a BDPA sample using the three single-chip ESR detectors. The large difference (about 
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two orders of magnitude) between the experimentally achieved spin sensitivity and the thermal noise limit (given 

in parenthesis) is discussed in details in Sect. 5. 
 

200 K

30 K

10 K

(a)

(b)

(c)

 
Fig. 6. ESR experiments performed with the 146 GHz single-chip detector. (a-c) ESR spectra of a 40x40x5 μm3 sample of 1% 
Cu(II)(mnt)2 in Ni(mnt)2 with mν =98 kHz, mB =0.15 mT , 1B ≅ 0.6 mT, f∆ = 0.25 Hz, st =16 min at (a) 200 K; (b) 30 K; (c) 10 K. 
 

In Fig. 6 are reported the results of measurements performed using the 146 GHz single-chip oscillator on 

a single crystal of Cu2+-doped tetramethylammonium-bis(maleonitriledithiolate) nickel with a Cu concentration 

of 1% (1% Cu(mnt)2) in Ni(mnt)2) and a volume of 340 40 5 μm× × . All spectra show the hyperfine splitting 

produced by the Cu nuclei (63Cu and 65Cu), both having spin I=3/2. The measured spectra have shapes which are 

temperature dependent, with more resolved lines at low temperature. At room temperature and at 200 K, the shape 

of the signal is, with good approximation, the first derivative of a dispersion curve (as expected, see Ref. [14, 

15]), whereas at low temperature it is no more the case. The reason for this behaviour is unclear. The shift towards 

higher fields of the resonance at low temperatures is due to the shift towards higher frequency of the oscillator 

(about 4.5 GHz from 300 K to 10 K). Assuming a spin density of 25 31.7 10  spins/m×  (as obtained from data in 

Ref. [48]), the measured spin sensitivity for this sample is about 9 1/21.8 10  spins/Hz× . The normalized spin 
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sensitivity considering eight hyperfine lines with a 0.1 mT width measured with optimal field modulation is about 
6 1/24 10  spins/Hz× . 

(b)

(c)

(d)

(a)

(f)

(g)

(h)

(e) B0

2B0 4B0

B0

2B0 3B0

B0

2B0

3B0

B0

2B0

4B0

200 K 30 K

 

Fig. 7. ESR experiments performed with the 92 GHz single-chip ESR detector with a 6x6x5 μm3 sample of BDPA at mν =98 kHz, mB

=0.12 mT, 1B ≅ 0.2 mT, f∆ = 0.25 Hz, st =3 min (10 mT/min), T=200 K, 
0 2 92 GHzω π≅ × . (a) All measurements. Narrow field 

sweeps about (b) 0 0( / )B ω γ= , (c) 0 02( / )B ω γ= , (d) 0 03( / )B ω γ= , respectively. ESR spectra of a 3x3x3 μm3 of BDPA (see text) 

with mν =98 kHz, mB =0.12 mT, 1B ≅ 0.2 mT, f∆ = 0.25 Hz, st = 1 min, T=30 K. (e) All measurements. Narrow field sweeps about (f) 

0 0( / )B ω γ= , (g) 0 02( / )B ω γ= , (h) 0 04( / )B ω γ= , respectively. Note: signals at 0 04( / )B ω γ= at 200 K and at 0 03( / )B ω γ=  at 
30 K have been also observed but not reported in the graphs above because accidentally measured with a much faster magnetic field 
sweep rate which reduced their signal amplitude and distorted their shape. 
 

Finally, in Fig.7, we show the possibility to perform experiments at higher harmonics of the fundamental 

frequency of the oscillator. In particular, Fig. 7 shows ESR spectra obtained with a BDPA samples of about 6x6x5 

μm3 and 3x3x3 μm3. Figure 7a-h show the results of experiments performed at magnetic fields from about 3 T to 

about 13 T. Resonances are observed at about 3.2, 6.4, 9.5, and 12.9 T. The observed resonant fields correspond 

to frequencies of about 90, 180, 270, and 360 GHz, which are the fundamental and the second, third, and fourth 

harmonics of the integrated oscillator. This indicates that the single-chip ESR detectors are capable to perform 

ESR experiments at least up to the fourth harmonic of the fundamental frequency of the integrated oscillator. 

Qualitatively we can explain this behavior by the presence of higher harmonics in the oscillator currents and, 
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hence, in the microwave magnetic field acting on the sample. The signal amplitude significantly decreases at 

higher harmonics and both the signal shape and its width are dependent on the observed harmonic. The smaller 

sample is sufficiently small to avoid the transition to the strong coupling regime [13], whereas the larger one is 

in strong coupling (at the first harmonic but not at the third harmonic). We have attempted to model the 

experimental results assuming that the sample can be represented by an RLC resonator inductively coupled to the 

LC-tank of the integrated oscillator (see details in Ref. [13]). Performing the simulation of the overall electronic 

circuit using an electronic circuit simulator (in our case Cadence), we obtain that the variation of the fundamental 

frequency of the oscillator LCf∆ is not zero not only when 0 ( / )LCB ω γ≅  but also when 0 ( / )LCB n ω γ≅ , where n

is an integer number larger than 1. The simulations predict the observed results with an accuracy well within an 

order of magnitude in both amplitude and width (the main limitation to the accuracy is presumably in the 

modelling of the harmonic content in the transistors currents at frequencies close to the cut-off frequency). The 

reduced sensitivity at higher harmonics (about an order of magnitude for the third harmonic) severely limit the 

applicability of the higher harmonics of single-chip ESR detectors to high frequency spectroscopy studies of 

practical interest. Nevertheless, for samples having a sufficiently large signal-to-noise ratio, the possibility to 

perform multiple-frequency ESR experiments up to 400 GHz with a single detector having a large scale 

production cost of a few dollars or less is certainly attractive. CMOS [36, 49] or others integrated circuit 

technologies [50], currently achieving fundamental oscillation frequencies of 300  to 500 GHz, would allow for 

multiple-frequency ESR experiments up to the THz range. 
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5. Conclusion and outlook 

In this paper we have reported about the design and the performance of three single-chip ESR detectors 

operating at 50 GHz, 92 GHz, and 146 GHz. Previous designs of single-chip ESR detectors operated up to 28 

GHz [12-15]. The higher operating frequency improves the spin sensitivity by more than an order of magnitude. 

In Table 1 are reported the experimental and theoretical values for the spin sensitivity and the frequency noise 

spectral density for the three single-chip ESR detectors reported in this work. The measured spin sensitivity is 

two to three orders of magnitude worse than the one expected if only the thermal noise of the coil resistance is 

considered. This sensitivity degradation is essentially due to two phenomena: (1) the presence of 1/f noise in the 

frequency noise spectral density up to frequencies as large as 1 MHz from the carrier, and (2) to the large 

minimum B1, ranging from 0.2 to 0.7 mT, which causes a significant saturation for samples having 1 2TT  larger 

than 10-19 to 10-16 s2.  

Field modulation at frequencies above 1 MHz would help at improving the sensitivity. However, field 

modulation above 1 MHz and amplitudes above 0.1 mT is not easily implementable, especially at low 

temperatures, due to heating and T1-related limitations. The reduction of the 1/f frequency noise is a key issue 

also for many industrially relevant applications of integrated microwave oscillators [51-54], so it is likely that we 

will benefit from the advances on this issue of a large community of researchers in industry and academia to 

improve the spin sensitivity for our specific ESR application. 

LC-oscillators with small resonating coils have large microwave fields 1B  ( 1 0 /DCB I Q dµ≅ , where DCI  is 

the oscillator bias current, Q  is the quality factor of the LC-resonator, and d is the single-turn coil diameter). In 

order to have stable oscillations, a minimum bias current is required. This, in turns, determines a minimum value 

for the microwave field 1B  and, hence, a significant saturation for samples having large values of the product 

1 2TT  (see above). The use of smaller sensing coil is necessary to reach higher frequencies. This is essentially due 

to the presence of parasitic capacitances which limit the maximum value of the coil inductance that can be used. 

Smaller sensing coils produce larger unitary fields and, assuming a similar minimum microwave current as 

experimentally observed, a larger minimum B1. The saturation issue can be, in principle, solved by rotating the 

planar coil axis with respect to the B0 field direction (usually at 90° for maximum sensitivity). However, this 

reduces the sensitivity and, consequently, it is a valid approach only for sample having a large signal-to-noise 

ratio. A possible way out for this saturation issue is to use high electron mobility transistors (HEMT) instead of 

silicon transistors as elements for the negative feedback of the LC-oscillator. The larger electron mobility (more 

than one order of magnitude at room temperature and more than two order of magnitude at low temperatures) 

should allow one to have a lower minimum microwave currents to sustain stable oscillations and, hence, lower 

minimum B1 fields. Preliminary calculations indicate that HEMT based LC-oscillators should allow to obtain B1 

fields of about ten times lower at room temperature (i.e., about 0.01 mT) and more than hundred times lower at 

low temperatures. Another possible solution to the excessive B1, would be to use the integrated LC-oscillator as 

local microwave source for a second, co-integrated, LC-resonator connected to an amplitude detector (i.e., an 
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integrated version of a conventional ESR spectrometer). With this approach the B1 amplitude could be reduced 

to an arbitrarily low value using an integrated attenuator. Furthermore, this approach would also allow for the 

implementation of pulsed mode single-chip ESR detectors, where the B1 field could be pulsed using an integrated 

switch and the free induction decay or echo signal amplified and downconverted using an integrated microwave 

amplifier, a mixer, and an IF amplifier, an architecture already demonstrated for NMR spectroscopy at 

frequencies below 1 GHz [55]. However, this more conventional and versatile approach based on a signal 

amplitude detection (instead of a frequency detection) requires more complex integrated circuitry and it might 

not necessarily allow to achieve better spin sensitivity at 10 GHz and above.  

As mentioned in the introduction, the use of miniaturized resonators is a valid approach to improve the 

spin sensitivity for small samples. The single-chip ESR detector contains a miniaturized LC-resonator (described 

in Sect. 3) and, in contrast to the conventional miniaturized resonators, it includes also the microwave source and 

the most critical part of the detection electronics in a small chip of less than 1 mm2. The ESR signal at the output 

of the integrated detector is robustly frequency-encoded. These characteristics make the single-chip ESR detector 

better suited for operation at very high frequencies (the source, the resonator, and the detector are within a distance 

of less than 1 mm, de-facto eliminating all concerns about signal-to-noise ratio degradation in the connections) 

and for their implementation in an array of detectors for simultaneous spectroscopy of several samples in the 

same magnet. The operation at frequencies above 100 GHz, as demonstrated in this work, is also an important 

step towards the use of array of single-chip LC-oscillators as a low cost alternative to gyrotrons sources in 

dynamic nuclear polarization (DNP) set-ups. Integrated LC-oscillators operating at 300 GHz and 570 GHZ have 

been already reported [36] and operation at THz frequencies might be possible in the near future. Consequently, 

the single-chip microwave oscillator approach is suitable for measurements up to the largest magnetic fields 

currently available. 
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