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Abstract

We establish a testbed system for the development of high-sensitivity Electron Spin Resonance (ESR) techniques for

small samples at cryogenic temperatures. Our system consists of a NbN thin-film planar superconducting microres-

onator designed to have a concentrated mode volume to couple to a small amount of paramagnetic material, and to be

resilient to magnetic fields of up to 400 mT. At 65 mK we measure high-cooperativity coupling (C ≈ 19) to an organic

radical microcrystal containing 1012 spins in a pico-litre volume. Inspired by protocols developed for qubit measure-

ments, we detect the spin-lattice decoherence rate via the dispersive frequency shift of the resonator. Techniques such

as these are enabling pulsed ESR interrogation of very few spins and could provide insights into the surface chemistry

of, for example, the material defects in superconducting quantum processors.

1. Introduction

Electron Spin Resonance (ESR) is an essential tech-

nique for characterising a wide range of paramagnetic

materials, but its application to the study of micro-scale

samples, as required for many emerging technologies,

is beyond the reach of most commercially available sys-

tems [1]. A conventional commercial ESR spectrometer

[2] typically has a three-dimensional cavity with a low

Q ∼ 103 factor and a large mode volume of ∼ 100 mm3

through which microwave energy is weakly coupled to

the (thereby necessarily large number of) electron spins

[3]. ESR spectrometers which use as the cavity a su-

perconducting planar microresonator benefit from their

combination of higher Q factors > 105 and smaller

mode volumes ∼ 10−4 mm3, as are required to detect

small volumes of paramagnetic material [4, 5].

Developments in high-sensitivity ESR have occurred

in tandem with those made by quantum engineers in-

tent on measuring weak microwave signals from su-

perconducting qubits [6]. Resulting milestones in this

new regime of ESR equipment include quantum-limited

Josephson Parametric Amplifiers which add no more

than the minimum number of noise photons to the signal

∗Corresponding author: akk916@ic.ac.uk

from the electron spins [7, 8]; Arbitrary Waveform Gen-

erators (AWGs) able to shape pulses at picosecond res-

olution; and high Q superconducting planar microres-

onators resilient to > 1 T magnetic field and capable

of producing a uniquely small mode volume for more

sensitive ESR experiments at cryogenic temperatures

[3, 9, 10]. So far, a combination of such devices has

pushed absolute ESR single-shot spin sensitivity to the

inductive-detection of fewer than 103 spins [11, 12].

As such, it is now becoming possible to measure

ultra-small volumes of paramagnetic samples for the

first time [13]. This will enable, for instance, the

characterisation and chemical identification of individ-

ual nanoscale objects, or small spin clusters where

anisotropy in the spin Hamiltonian otherwise makes

characterisation of the material via large mode volume

detectors challenging. Such proof-of-principle experi-

ments also constitute an essential route towards unlock-

ing the use of large numbers of self-assembled molecu-

lar spin clusters as high coherence elements for quantum

computing [14, 15].

Most conventional ESR methodology pertains to the

regime of a large number > 1013 of electron spins [1].

In the contrasting limit of small volumes and very few

spins, care must be taken to avoid significant coher-

ent energy exchange between spins and the interrogat-
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ing cavity. This back-action means that readout of the

cavity probe can induce a change in the projected spin

states, whereas an ideal repeated measurement should

not disturb the states of the measured observable, a con-

cept known as a quantum non-demolition (QND) mea-

surement. To this end new protocols need to be devel-

oped for this regime of ESR in order to fully exploit its

application to ultra-small spin ensembles.

Here we demonstrate the use of dispersive readout,

a technique commonly used for QND measurements

of qubits [16], which allows the resonator to act as a

probe of the spin polarisation when the two systems

are detuned. In pulsed ESR it has been previously de-

ployed for measurements of macroscopic paramagnetic

samples, including Nitrogen-Vacancy (NV) [17, 18] or

substitutional Nitrogen centres in diamond [19], ferro-

magnetic resonance [20] and the dispersive detection of

NV centres via a transmon qubit [21]. We apply dis-

persive readout instead to a pico-litre volume of para-

magnetic material: a single microcrystal of an organic

radical [22] which we characterise here at mK temper-

atures. The necessarily small mode volume is achieved

with a specially-designed high Q superconducting res-

onator, which can be magnetically coupled to any small

solid-state sample (here the 70 × 6 × 6 µm3 microcrys-

tal) as long as it is carefully aligned within the resonator

mode volume.

We present continuous wave (CW) data characteris-

ing the high-cooperativity resonator-spin coupling, and

use pulsed microwave measurements to measure the

spin-lattice decoherence time T1 dispersively. Whereas

previous dispersive readout ESR measurements [17, 18,

19] used the resonator to both excite the spins and detect

their response, we have two separate microwave lines:

one to excite the spins and another to readout the res-

onator. This enables us to probe the resonator indepen-

dently of the spin ensemble. While this additional free-

dom is unusual in ESR experiments, it allows us to ex-

plore the resonator dynamics as the spins decay to their

ground state.

2. Materials & Methods

2.1. Microresonator setup

Central to the spectrometer is a co-planar waveguide

resonator, fabricated from a film of superconducting

NbN sputtered onto a sapphire substrate and patterned

using electron beam lithography into the ‘fractal’ design

shown in fig. 1 (a) [23]. The thicknesses of the NbN

and sapphire are 140 nm and 330 µm respectively. The

superconductor is 2 µm wide and separated by 2 µm at

Figure 1: (a) Details of the fractal resonator design showing the crys-

tal alignment (inset panel is double magnification compared with the

rest of the image) and (b) the layout of the chip with a schematic of the

resonator and a (co-planar) transmission line used to readout the res-

onator (coloured blue) and a pump line (coloured orange) on the PCB

330 µm below the plane of the resonator. A single (black) microcrys-

tal consisting of the molecular radical shown in (c) is aligned at the

magnetic anti-node of the resonant mode as shown by the microwave

current distribution I(x) along the resonator length x. The magnitude

of the microwave magnetic field B1 generated by the resonator, in the

plane normal to the x-axis, is shown by colour gradient in the Comsol

simulation (d), and the approximate contour of the microcrystal has

been highlighted with a white dashed line. In each figure the B0 field

orientation is displayed in the upper right corner.

the resonator magnetic anti-node meaning that the mi-

crowave field B1 is confined to a micron-scale mode vol-

ume as shown in the Comsol simulation in fig. 1 (d). The

resonator is designed to be resilient to magnetic fields so

that its high Q is maintained up to B0 ∼ 400 mT. It has

the added benefit of a low flux focussing factor, meaning

that orientation of B0 must be broadly within the plane

of the superconducting film of the resonator but time-

consuming precise alignment is unnecessary. The res-

onator is capacitively coupled to a microwave feedline

fig. 1 (b); the transmission across this line S 21 is mea-

sured to read out the amplitude |S 21| and phase φ(S 21).

The resonator thereby acts as a very narrow notch filter

with poor coupling to the spins when off-resonant.

The spin sample is aligned on the resonator surface

as shown in the image in fig. 1 (a) at the magnetic anti-

node of the B1 field. Precise alignment is achieved with

the quartz tip of a micro-manipulator and the crystal

is secured in place with a small amount of ESR-silent,

cryogenic vacuum grease (Apiezon N-type). The sam-

ple is mounted on a printed circuit board (PCB) where a
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second microwave feedline (co-planar waveguide type

of central strip width 290 µm) lies underneath the res-

onator chip (therefore 330 µm below the superconduct-

ing film) as demonstrated schematically in fig. 1(b).

This ‘pump’ line serves as a second means of inputting

microwave energy to the spin sample on the resonator.

The PCB is mounted in a thermally anchored Cu sam-

ple holder which is cooled to 65 mK, the base tem-

perature of our dilution refrigerator. Frequency-swept

S 21(ω) transmission measurements are obtained using

a vector network analyser (VNA) and a standard fit to

the resonator lineshape [24] is used to extract the reso-

nance frequency ω0/2π = 5.51 GHz and quality factor

Q = 3.3 × 104 at 198 mT [25].

The spin ensemble used in this work consists of a

single microcrystal of the organic radical cation shown

in fig. 1(c) with a PF –
6 anion, which can be formed in

good yield from electrocrystallisation in PhCl with a

Bu4NPF6 electrolyte [22]. The spin Hamiltonian for this

system is nearly isotropic, and each molecule contains

a single unpaired electron S = 1/2 corresponding to a

single spin-allowed transition between the ms = ±1/2

states.

For ESR purposes, this spin sample is unusual in hav-

ing a narrow linewidth (2.4 MHz full width at half max-

imum (FWHM) measured at T = 300 mK) in spite of its

high spin density [22]. This is attributed to the delocal-

isation of the unpaired electron across the extended π-

system of the radical which means that electron-electron

interactions are minimised, together with low inhomo-

geneous broadening because of the crystalline spin en-

vironment.

2.2. Microwave Circuitry

An overview of the spectrometer setup is shown in

fig. 2 in which the room temperature microwave elec-

tronics are connected by a heavily attenuated input line

to the readout and pump lines on the resonator chip. A

heterodyne circuit is used to detect the amplitude and

phase response of resonator at the readout frequency

ωr. Separately, high power pulses are generated at fre-

quency ωp to probe the spin ensemble.

A microwave generator outputs a local oscillator

(LO) signal which is up-converted by 40 MHz to ωr at a

single sideband mixer using a two-channel lock-in am-

plifier (Zurich Instruments model HF2LI). The phase of

the output from the lock-in is tuned to select exclusively

the lower sideband from the mixer (so that any leakage

in the upper sideband is remote from the spins which are

at lower frequencies). This input tone receives 60 dB

of attenuation before it reaches the sample holder. The

transmission signal from the microwave readout line is

Figure 2: Schematic of equipment. Heterodyne measurements of the

resonator S 21 are implemented using a continuous wave microwave

generator input to a single sideband mixer biased using a two-channel

lock-in amplifier (each channel depicted as a separate box) to gen-

erate a single up-converted sideband at ωr . The signal passes along

the heavily attenuated fridge input line so that it is thermalised to the

65 mK base temperature stage. It passes along a transmission line on

the chip via a −10 dB coupler and further 10 dB of attenuation. The

transmission from the chip is filtered and amplified at 4 K and at room

temperature before being demodulated by an IQ mixer and the second

lock-in amplifier channel, from which data acquisition (DAQ) of the

I(t) and Q(t) signals occurs. A second microwave generator produces

a higher power tone of frequency ωp shaped into pulses via an IQ

mixer driven with the analog output of an AWG. The higher power

used for ωp means that it generates a significant radial B1 field at the

crystal when it passes along the pump line on the PCB.

filtered and then amplified at 4 K by a high-electron-

mobility-transistor (HEMT) low noise amplifier. An

isolator protects the sample from amplifier thermal ra-

diation and signal reflections. Further amplification at

room temperature precedes demodulation at the origi-

nal LO frequency to produce a down-converted signal

at 40 MHz which is digitised, filtered and amplified at

the lock-in amplifier. The resulting I(t) and Q(t) quadra-

tures are acquired from an oscilloscope (Keysight model

MSO-3014A), and the resonator transmission is then

encapsulated in S 21(t) = I(t) + iQ(t).

A second microwave generator produces a continu-

ous signal at ωp. An AWG (Tektronix 5014C) with

a nanosecond rise time is used to drive an IQ mixer

and thereby modulate this generator output into arbi-

trary shaped pulses. These pulses are used to manipulate

the spins temporally and independently of the resonator

detection circuit. The spin transition frequency is des-

ignated ωs; pumping the spins resonantly corresponds

to ωp = ωs. The pulses are amplified at room temper-

ature, resulting in a power difference at the fridge input

between the ωr and ωp signals in excess of 55 dB.

The directional coupler immediately prior to the sam-

ple holder diverts 9/10 of the signal along the pump line.

The B1 field resulting from the pump line decays radi-

ally and is only significant within the microcrystal at the
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higher powers used for ωp.

2.3. Dispersive Readout

In advanced superconducting qubit architectures, dis-

persive readout is the standard technique for detecting

the qubit state via a transmission measurement of the

resonator [6, 26, 27]. When the two systems are detuned

from each other by frequency ∆ which is greater than

both the qubit-cavity coupling gk and the cavity decay

rate κ, ∆ ≫ {gk, κ}, they reach the so-called ‘dispersive

regime’ in which the qubit causes a shift in resonator

frequency which is dependent on the qubit state without

a direct exchange of energy between the two systems.

This is a QND measurement because the outcome of the

measurement is nominally unaltered by the measure-

ment itself. A dispersive frequency shift of χ = g2
k
/∆

will be observed so long as the number of photons in

the resonator does not exceed the limit set by the criti-

cal photon number nc = ∆
2/4g2

k
[6]. The same thresh-

old is not true for an inhomogeneous ensemble of spins,

where there is energy diffusion which requires more en-

ergy to be pumped into the system before saturation is

observed. However, the same principle of dispersive

readout in our system means that an S 21 measurement of

the resonator can be used to infer the state and dynamics

of the spin ensemble without interfering with the spins

themselves. Even so, if the energy used to probe the res-

onator is too high, the resulting back-action interference

with the spins reduces their spin-lattice coherence time

[17].

Whereas the Jaynes-Cummings Hamiltonian models

the single qubit (or spin)-resonator mode interaction de-

scribed above [28], for our system this must be extended

to encompass an ensemble of N spins coupled to the res-

onator mode, which is treated by the Tavis-Cummings

Hamiltonian [29, 30]. Further terms are added to model

a pulse of frequency ωp and amplitude η(t) driving the

spins. Each spin is described by a frequency ωk and

the Pauli operators {σ±
k
, σz

k
}; and a(a†) is the standard

annihilation (creation) operator for the cavity mode. It

is now the ensemble coupling gens =

√

∑N
k g2

k
, and the

spins’ mean transition frequency ωs which must be con-

sidered. The dispersive approximation [31, 32] applied

to the Tavis-Cummings model [33] yields a Hamiltonian

for the system which is valid if ∆ = |ω0−ωs| ≫ {gens, κ}.

H = ~a†a

(

ωr + i

N
∑

k

g2
k
σz

k

∆

)

+
~

2

N
∑

k

(

ωk + i
g2

k

∆

)

σz
k

−i

(

η(t)a†e−iωpt − η(t)∗aeiωpt

)

(1)

Figure 3: (a) The CW transmission as a function of magnetic field

S 21(ω, B0) which displays an avoided crossing where the spins are

co-resonant with the resonator and (b) schematically to highlight the

pump and readout tones used to interact with the spins and resonator in

subsequent pulsed measurements. Line-cuts from (a) show the trans-

mission of the uncoupled resonator at 198 mT (c) with the fit (red) to

extract the total cavity decay rate κ/2π = (170 ± 4) kHz; and (d) the

double-peaked hybrid spectrum at 196 mT and the fit (red) to eq. (2)

to extract gens/2π = (4.52 ± 0.05) MHz.

From the first term it can be seen that the resonator fre-

quency acquires a shift which is dependent upon the

average spin polarisation 〈
∑

k σ
z
k
〉. Evaluating the av-

erage spin polarisation in response to the pulsed drive

requires numerical evaluation of the cavity-modified

Bloch equations [34].

In measurements below, we detect changes to the

phase of the resonator transmission in response to the

changing spin polarisation in two contrasting situations:

firstly a ‘linear’ regime, where the phase of the res-

onator transmission is proportional to its frequency shift

and thereby the spin polarisation; and secondly a ‘non-

linear’ regime where a greater dispersive shift means

that the measurement of the phase cannot be used to

directly infer the resonator frequency shift.
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3. Experimental Results

3.1. Continuous Wave (CW) ESR

To characterise the coupling between the resonator

and the microcrystal, the VNA is connected across the

fridge input line and the room temperature amplifier

output in fig. 2. The microwave transmission through

the readout line is measured as the magnetic field B0 is

swept to tune the Zeeman transition of the microcrystal

spins ωs through the resonator frequency ω0.

We use a probing microwave power of −90 dBm

which corresponds to 105 microwave photons in the

resonator. The resulting plot in fig. 3(a) displays the

avoided crossing which is a signature of coherent cou-

pling between the resonator and the spin ensemble. The

spectrum can be calculated in full using the input-output

formalism [35]

|S 21|
2 =

∣

∣

∣

∣

∣

∣

1+
κc

i(ω − ω0) − (κc + κi) +
(

|gens |
2

i(ω−ωs)−γ
∗
2
/2

)

∣

∣

∣

∣

∣

∣

2

(2)

for a spin ensemble of linewidth γ∗2 where the indi-

vidual coupling to the spins gk ∝ B1 [36]. Here κi
and κc are the internal and external cavity decay rates

respectively. The |S 21|
2 of the resonator transmission

when detuned from the spins is shown in fig. 3(c) and

from the fit [24] we extract the cavity dissipation rate

κ = κi + κc = ω0/Q = 2π × (170 ± 4) kHz. This value

is then fixed to fit eq. (2) to the avoided crossing data at

B0 = 196 mT when the resonator and spins are resonant

in fig. 3(d) and so obtain gens/2π = (4.52 ± 0.05) MHz.

A simulation of the expected resonator-spin coupling

yields gens/2π = 8 MHz (average coupling strength per

spin g0 = 5 Hz) assuming that the crystal is a cuboid and

sits almost flush with the resonator surface as depicted

in fig. 1(d). In fact the crystal is not perfectly cuboid-

shaped, and is likely separated from the resonator sur-

face by a small amount of vacuum grease both of which

results in a small overestimation of the measured value.

The linewidth is more reliably extracted from the data

in fig. 4(b) as γ∗2/2π = (6.2 ± 0.1) MHz: the coupling

strength and linewidth are comparable and both exceed

the resonator dissipation rate. From this we can evaluate

the cooperativity C = g2
ens/κγ

∗
2 ∼ 19 > 1 i.e. we have

high-cooperativity but we do not obtain strong coupling,

which requires gens > {κ, γ
∗
2}.

3.2. Pulsed ESR: Dispersive measurements in the lin-

ear regime

The VNA measurement characterises the resonator-

ensemble interaction as B0 is incremented. Here we set

Figure 4: At B0 = 193.5 mT (a) the resonator φ(S 21) undergoes a

dispersive shift in response to a high power CW pump tone applied at

ωp = ωs (blue trace) relative to the φ(S 21) under a non-resonant pump

tone atωp = ωs−2π×10 MHz (red trace) resulting in a measured shift

of χm/2π = 15 kHz where a sensible selection for the probe frequency

ωr is marked with a dashed vertical line and (b) the frequency shift of

the resonator ∆ωr in response to a 2 ms pulse applied at frequencies

across the range ωs−10 MHz < ωp < ωs+10 MHz. A bi-exponential

fit to the saturation recovery at ωp = ωs after the pulse has terminated

(c) extracts the time constants T
(fast)
1
= (0.23 ± 0.04) ms and T

(slow)
1

=

(1.24 ± 0.05) ms. The variation in the amplitude A1 and A2 of the

two exponential terms as a function of ωp reveals (d) q-Gaussian and

Lorentzian terms from which the linewidths γ
(fast)
q /2π = 4.9 MHz (q =

1.7) and γ
(slow)
q /2π = 6.2 MHz (q = 2.1) are extracted; a cross section

from (b) at 0.1 ms has linewidth γ∗
2
/2π = 6.2 MHz (q = 1.4).

B0 to 193.5 mT such that the resonator-spin detuning is

∆/2π = 76 MHz ≫ {gens, κ}. At this point, the res-

onator frequency shifts a small amount depending on

the average spin polarisation. Because the phase of the

resonator transmission is proportional to its frequency

shift, we refer to this as the ‘linear’ regime. In a tradi-

tional setup, the detuning would remove the means of

exciting the spins whereas here the pump line allows us

that freedom.

The microwave circuitry described in fig. 2 supplies

two microwave tones. A CW low power tone is applied

to the resonator at frequency ωr whilst simultaneously

a CW high power pump tone is applied either at ωs or

ωs−2π×10 MHz. When the pump tone is resonant with

the spins, it diminishes their polarisation and causes a

dispersive shift in the resonator frequency. As shown

in fig. 4(a), a frequency shift of χm = 2π × 15 kHz is

observed in the phase response of the resonator when

the pump is resonant with the spins (blue trace) as com-

pared with the non-resonant pump (red trace). This is

less than the maximum χ = g2
ens/∆ = 2π × 270 kHz

[37], which suggests that the pump tone is not able to

fully saturate the spins and therefore they do not exert
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the maximum frequency shift upon the resonator. The

measurement in fig. 4(a) is a calibration step, which al-

lows us to infer the frequency shift of the resonator from

the phase of the S 21. As with qubit measurements, the

readout frequencyωr (marked by vertical dashed line) is

chosen at the point where the dependence of the φ(S 21)

upon the spins’ state is at a maximum [31]. It is impor-

tant that we know the gradient of the phase lineshape,

and that there is a linear relation between the resonator

phase behaviour and its frequency shift ∆ωr at the cho-

sen readout frequency.

Using this readout frequency, a pulsed measurement

is obtained whereby a high-amplitude 2 ms pulse drives

the resonant spin transition and a weak readout tone

then detects the return to equilibrium polarisation. The

pump pulse is swept across the spin linewidth in the

range ωp = ωs ± 2π × 10 MHz. The resulting spec-

tral density plot in fig. 4(b) shows the temporal response

of ∆ωr to the saturating pulse as a function of ωp. A

cross-section in fig. 4(d) at 0.1 ms after the pulse termi-

nates reveals the spin linewidth to which we find good

agreement with a pseudo-Gaussian distribution fit [38]

of FWHM 2π × (6.2 ± 0.1) MHz (q = 1.40). The di-

mensionless parameter q describes the lineshape: q→ 1

(q = 2) obtains a pure Gaussian (Lorentzian).

The decay of the spins is examined by fitting ∆ωr(t)

after the saturating pulse terminates and the spin po-

larisation is left to return to equilibrium. The decay

at ωp = ωs is shown in fig. 4(c); it is bi-exponential

A1 exp(−t/T
(fast)
1

) + A2 exp(−t/T
(slow)
1

) with time con-

stants (0.23 ± 0.04) ms and (1.24 ± 0.05) ms.

By fitting the polarisation decay to a bi-exponential

law at different ωp in fig. 4(d) we observe that the am-

plitude of the decay terms A1(ωp) and A2(ωp) follow

two different distributions. For the fast T1 the linewidth

has FWHM (4.9 ± 0.2) MHz (q = 1.7), whereas for

the slow T1 there is FWHM of (6.2 ± 0.5) MHz with

q = 2.0 and thus the distribution is almost Lorentzian.

The different lineshape properties could suggest that the

two relaxation times originate from different paramag-

netic species [19]. However the likely spin contami-

nant from within the material of the resonator has an

entirely different linewidth [39], suggesting that the two

observed relaxation times may instead arise from differ-

ences within the crystal itself.

3.3. Pulsed ESR: Dispersive measurements in the non-

linear regime

Tuning the field to B0 = 195 mT diminishes the

resonator-spin detuning to ∆/2π = 32 MHz. A higher

power ωp tone is also used; the combined effect is that

Figure 5: At 195 mT the resonator mode dispersively shifts by

230 kHz as shown in amplitude (a) and phase (b) data when the pump

tone is resonant with the spins ωp = ωs = 2π × 5.48 GHz (blue) com-

pared to when the pump tone is non-resonant (red). When the readout

frequency ωr is fixed to the three values marked by vertical dashed

lines in (a) and (b), and the 2 ms pump pulse is set toωp = ωs, the spin

dynamics can be inferred via the amplitude (c) and phase (d) of the

resonator S 21 as the system equilibrates (traces offset for clarity). The

amplitude fit at all the measured ωr extracts T
(slow)
1

= (1.0 ± 0.2) ms

and T
(fast)
1

= (0.11 ± 0.05) ms. The latter portion of the phase decay

tracks a linear region of the resonator lineshape in phase (b) and so

a straightforward bi-exponential fit (red) is enforced in (d) using the

same time constants.

the maximum possible shift increases χ/2π = 630 kHz.

Again, due to insufficient power to saturate the spins the

observed shift is χm/2π = 120 kHz. As can be seen

in the calibration measurement fig. 5(b) this means that

there is no longer a region where a readout frequency

ωr can be selected such that the change in phase of res-

onator transmission is linearly proportional to its fre-

quency shift, which we refer to as ‘non-linear’ in terms

of the resonator readout. Being able to use the resonator

as a probe to the spins in spite of this increases the range

of dispersive measurements which can be taken.

Pulsed measurements in the non-linear regime were

acquired as before by applying a high-power 2 ms sat-

urating pulse at ωp = ωs and detecting the decay in

the resonator φ(S 21) fig. 5(d) and |S 21| fig. 5(c). To fit

the data, eq. (2) is modified to incorporate the time-

dependence of the ensemble polarisation after the sat-

urating pulse has terminated into the coupling term,

where P is a fit parameter to account for the incomplete

polarisation of the ensemble

G(t) = gensP
(

1 − A1e−t/T
(fast)
1 − A2e−t/T

(slow)
1

)

. (3)

Inserting this expression into eq. (2) gives a good fit

to |S 21(t)|, examples of which are shown in fig. 5(c)

and we extract T
(slow)
1

= (1.0 ± 0.2) ms and T
(fast)
1

=

(0.11 ± 0.05) ms which are in reasonable agreement

with the values obtained from the linear regime data.

Larger uncertainty is to be expected given the increased
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number of variables in the fit. Towards the end of the

phase decay the resonator dispersive shift will be so

sufficiently diminished as to ‘re-gain’ the linear regime;

therefore in fig. 5(d) a bi-exponential fit is enforced to

the tail of the decay using the T1 values from fig. 5(c).

Even at zero detuning, the spin-lattice relaxation rate

500 kHz is far greater than the Purcell rate for cavity-

enhanced spontaneous emission 4 mHz i.e. the system

is far from being limited by Purcell emission in this

case.

4. Conclusion

We have demonstrated a setup and methodology for

dispersive pulsed ESR of a pico-litre organic crystal us-

ing a superconducting resonator with high Q and small

mode volume. The 4.5 MHz resonator-spin coupling

causes the resonator frequency to dispersively shift in

response to the spin polarisation. A separate pump

line enables spin excitation irrespective of the detun-

ing from the resonator frequency. Pulsed ESR satu-

ration recovery measurements to detect the T1 time of

the sample made use of the two-tone dispersive readout.

This allowed us to monitor the spin dynamics when the

resonator-spin detuning is large (whereas no such de-

tuning is available in conventional ESR), and there is

minimal coupling between the spins and the B1 field of

the resonator itself. We show that saturation recovery

measurements are consistent whether the resonator fre-

quency is shifted within or beyond the linear regime,

increasing the range of detuning which can be investi-

gated with this method.

The establishment of this measurement protocol

brings an additional degree of freedom to ESR measure-

ments: the resonator is a probe of the spin dynamics

even when the two are substantially detuned from each

other. Not only this but the minimisation of back-action

upon the spins, which is inherent to a dispersive mea-

surement, creates the possibility in the future of QND

ESR dispersive measurements on an extremely small

number of electron spins.
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