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Counting the microwave photons emitted by an ensemble of electron spins when they relax radiatively
has recently been proposed as a sensitive method for electron paramagnetic resonance spectroscopy,
enabled by the development of operational single microwave photon detectors at millikelvin temperature.
Here, we report the detection of spin echoes in the spin fluorescence signal. The echo manifests itself as a
coherent modulation of the number of photons spontaneously emitted after a z/2y — 7 — 7y — 7 — 7/2¢
sequence, dependent on the relative phase ®. We demonstrate experimentally this detection method using
an ensemble of Er** ion spins in a scheelite crystal of CaWO,. We use fluorescence-detected echoes to
measure the erbium spin coherence time, as well as the echo envelope modulation due to the coupling to the
183W nuclear spins surrounding each ion. We finally compare the signal-to-noise ratio of inductively
detected and fluorescence-detected echoes, and show that it is larger with the fluorescence method.

DOI: 10.1103/PhysRevLett.131.100804

Electron paramagnetic resonance (EPR) spectroscopy is
the method of choice to characterize the concentration and
properties of paramagnetic impurities in a sample [1]. EPR
relies on the application of microwave pulse sequences to
the spins, the most widely used being the Hahn echo
7/2x —t — my — 7 — echo [2]. Applied to an ensemble of N
electron spins S = 1/2 with an inhomogeneously broad-
ened Larmor frequency distribution, the Hahn echo
sequence generates a transient buildup of macroscopic
transverse magnetization Sy, due to the rephasing of the
spin dipoles at a time 7 after the second pulse. Because
the echo amplitude depends on multiple factors such as
spin density, coherence time, and nuclear spin environ-
ment, spin-echo measurements are a cornerstone of EPR
spectroscopy.

Spin echoes are usually detected by coupling the spins to
a microwave resonator at frequency , The Larmor
precession of the transverse magnetization Sy induces
the emission into an output waveguide of a phase-coherent
microwave pulse of amplitude X, and duration 7',, which is
then amplified and detected [see Fig. 1(a)]. For samples
with a low paramagnetic concentration such that
pNT'RT, < 1, the average energy emitted in this echo,
(X, )2hwy ~ (pN)’TT iy, is a small fraction of the total
energy stored in the spin ensemble pNhw,/2, 'y being the
spontaneous emission rate of one spin into the waveguide
and p the average spin polarization [3,4]. As a result,
echoes are hard to detect with small-volume or low-
concentrated samples, preventing pulsed EPR spectroscopy
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studies of microcrystals or individual cells for instance.
This motivated intense research efforts for alternative
detection schemes with enhanced signal-to-noise ratio
(SNR), such as optical [5], electrical [6], or scanning-
probe [7,8] detection of magnetic resonance. These meth-
ods are either system specific or have a low detection
volume, which makes them less versatile than resonator-
based detection. In parallel, it was recognized that super-
conducting quantum technology can be useful to increase
the sensitivity of resonator-based inductive detection, by
using small-mode-volume and high-quality-factor resona-
tors to increase I'y through the Purcell effect [9-14], by
cooling the sample at temperatures well below hw,/kp to
polarize the spins (p = 1) and suppress thermal noise, and
by using superconducting quantum-limited amplifiers
[3,15—-17]. Nevertheless, vacuum fluctuations in the echo
detection mode, with standard deviation 6X, = 1/2, ulti-
mately impose an upper limit (X,)/6X, ~ 2N+/TT, to the
SNR reachable in inductively detected (ID) ESR.

In this Letter, we demonstrate a novel resonator-based
echo detection method which can reach a higher SNR. We
convert the transverse magnetization into a longitudinal one
by adding a 7/24, pulse applied at the echo time, called the
restoring pulse in the following, analogous to the optical
detection of spin echoes [18,19]. The resulting phase-
coherent modulation of the longitudinal magnetization
(Sz) = N/2cos @ is detected by the incoherent microwave
radiation—called the fluorescence signal—that the spins
subsequently emit when they relax radiatively, at the rate

© 2023 American Physical Society
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FIG. 1. Experiment principle and spectroscopy. (a) Schematic

of the experiment. N spins are coupled (with strength g;) to a
resonator of frequency wg/2z = 6.999 GHz damped by internal
losses at a rate kj, = 3.6 x 10° s~ coupled to a transmission
line at a rate k, = 2 x 10° s~!. In the ID echo detection scheme, a
Hahn echo pulse sequence 7/2y — 7 — 7y is applied to the spins,
inducing the emission of a coherent echo of amplitude (X,) at
time 27 which is then amplified. In the FD echo detection scheme,
a three-pulse sequence n/2y — 7 —ny — 7 — /24 is used. The
echo is detected by counting the incoherent photons emitted
subsequently with a SMPD. The number of photons in the FD
scheme (C,) = N/2 is much larger than in the coherent echo
(X,)?, explaining why a larger SNR can be reached with a low-
noise SMPD. (b) Sketch of the niobium planar resonator
fabricated on top of the CaWO, sample in the ab plane.
The 630 um-long wire is along the x axis (¢,, = 51°), and B,
is in the ab plane (¢ = 30°). The cross section of the sample
below the 2 pm-wide wire (shown as a red rectangle) displays
the spatial distribution of the coupling gy, which we assume
to be constant across the wire length. (c) Fluorescence-detected
EPR spectrum of Er’*: CaWO,. The number of counts with
background subtracted (Cspin> (open blue circles) is shown as a
function of Bj (bottom axis), also converted into frequency
detuning from the center of the line (top axis). The solid line
is a fit to a Lorentzian with FWHM 1.6 MHz. Data
were obtained with SMPD1.

Iz, to their ground state equilibrium [see Fig. 1(a)]. Our
new fluorescence-detected (FD) echo scheme can reach a
higher SNR than ID for two reasons. First, in the regime
where the dominant spin relaxation channel is radiative (the
so-called Purcell regime [14]), the number of photons in the
FD echo (C,) = N/2 is much larger than in the coherent
echo (X,)2. Second, these fluorescence photons can be
detected noiselessly by using an ideal single microwave

photon detector (SMPD) [4,20]. As a result, the SNR of a
FD echo can in principle reach arbitrarily high values,
and certainly much larger than for an ID echo. In this Letter,
we measure a fluorescence-detected spin-echo signal from
an ensemble of Er’* ions in a scheelite crystal of CaWO,
(a model system for EPR spectroscopy [21-25]) using
a recently developed SMPD based on a transmon
qubit [4,20], and we demonstrate a larger SNR than
with inductive detection despite the nonidealities of our
experiment.

The ground state of Er**: CaWO, is a degenerate
doublet, and behaves as an effective electron spin
S = 1/2 in the presence of a magnetic field By. The main
components of its anisotropic gyromagnetic tensor y| /27 =
17.45 GHz/T and y,/2z = 117.3 GHz/T depend on
whether By, is applied parallel or perpendicular to the crystal
¢ axis. Here we consider only the / = 0 erbium isotopes.
CaWOy has a low nuclear-magnetic-moment density, since
only the tungsten atoms have a stable spin-1/2 isotope
('83W, present at 14% natural abundance), with a low
gyromagnetic ratio y,,/2x = 1.8 MHz/T. The spin proper-
ties of paramagnetic rare-earth-ion-doped crystals were
recently studied in the millikelvin regime, and shown to
reach coherence times well above the millisecond [25-28].
In this Letter we use the same sample as in Ref. [25],
a pure scheelite crystal with residual Er’* concentration
7 um~3 [29], enabling a quantitative comparison between
results obtained by FD and by ID.

As shown in Fig. 1(a), the Er’** ions are coupled to a
planar superconducting microwave L.C resonator deposited
on top of the ab oriented crystal surface through the dipolar
magnetic interaction with the magnetic component of the
resonator field. The resonator geometry schematically
depicted in Fig. 1(b) consists of a 2 pm-wide wire that
acts as an inductance, in parallel with an interdigitated
capacitor, leading to a frequency of w/27 = 6.999 GHz
(resonator 1 in [25]). Because the magnetic field vacuum
fluctuations 6By (r) depend on the position r = (y,z)
with respect to the inductance, the spin-photon coupling
constant go(r) = 6By(r) - y- (}|S|1) is spatially inhomo-
geneous, reaching its largest value close to the inductance
[see Fig. 1(b)]. The spins are probed by sending microwave
pulses at pulsation m, through the heavily attenuated input
line; the reflected pulses, together with the subsequent spin
fluorescence signal, are routed via a circulator toward a
SMPD based on a superconducting transmon qubit [4,20].
The sample and SMPD are cooled at 10 mK in a dilution
refrigerator. The SMPD is operated cyclically, each cycle
giving a click or not. Two different SMPD devices were
used in this Letter, with different cycle duration and dark
count rates (see Methods).

Upon application of a microwave pulse (amplitude f at
the resonator input and duration Dt), the spins undergo a
Rabi nutation, which leaves them in their excited state with
a certain probability. Since the nutation (Rabi) frequency of
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a spin is proportional to its coupling constant gy, which is
spatially inhomogeneous [see Fig. 1(b)], we are unable to
apply a well-defined rotation to all spins, leading to a
reduced echo contrast compared with the ideal Hahn echo
sequence, as we shall see below. After the pulse, each
excited spin has a certain probability to relax into its ground
state by emitting a microwave photon, which may then be
detected by the SMPD. We count the number of clicks
recorded by the SMPD during an integration time T
following the microwave pulse (or pulse sequence) and
subtract the dark count background, yielding the spin signal
Copin (see the Supplemental Material [30] for more details).
Repeating the same sequence a large number of times with
repetition time 7', we obtain the probability distribution
to find a number of counts p(Cgyy), from which we can
extract the ensemble-averaged value (Cyy;,) as well as the
standard deviation o. In the limit where the integration time
T, is long compared with the inverse spin radiative rate
I'z! and where all spins relax radiatively, the ensemble-
averaged number of counts (Cyyn) R 7[2(S7) +1]/2
directly yields the spin ensemble longitudinal magnetiza-
tion S after the pulse, # = 0.1 &= 0.01 being the probability
that an excited spin gives rise to a detected count as
calibrated in separate measurements (see Methods). A more
detailed analysis, quantitatively taking into account the
possibility of nonradiative spin relaxation, and the spread in
spin excitation probability and radiative relaxation rates due
to the spatial dependence of the coupling constant g
throughout the sample, can be found in the Methods and
is used in the simulations described below.

For spectroscopy, we measure (Cqp,) as a function of the
magnetic field By, applied at an angle ¢ = 30° with respect
to the a axis in the ab plane which minimizes the erbium
linewidth [31]. As shown in Fig. 1(d), a peak is observed
around By = 59 mT, corresponding to the erbium reso-
nance. An approximately Lorentzian line shape is obtained,
with FWHM 1.6 MHz, in agreement with the results
obtained by ID EPR [25].

We now turn to the fluorescence detection of spin
echoes. The sequence consists of one pulse of amplitude
f/2 around the X axis, followed after a delay 7 by a second
pulse of amplitude f around the Y axis, and after another
delay 7 by a third pulse of amplitude /2 around
an axis making a variable angle @ with X. In Fig. 2(a),
the ensemble-averaged number of counts (Cypy,) is shown
as a function of ®. The data are well fitted by
(Copin(®)) = (Cy) + (C,)cos®@, thus displaying the
expected FD-echo coherent modulation. The FD echo
amplitude is obtained by successively measuring the
number of counts for ® =0 and @& =z, yielding
C, = [Cyin(0) = Cypin(7)]/2. Varying the delay 7+ Az
between the second and third pulses, (C,) shows a clear
echo shape with 7, = 6.1 ps [see Fig. 2(b)].

Whereas the model with ideal pulses predicts a
fully contrasted modulation ({(C,) = (Cy)), we observe
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FIG. 2. Fluorescence detection of spin echo. Error bars are 1o
statistical. Data were obtained with SMPD1. Insets represent the
pulse sequence used for each dataset. (a) Integrated counts with
background subtracted (Cyy;,) as a function of the restoring pulse
phase ®. Blue open circles (red crosses) are experimental
(simulated) points, with =100 ps, Ty = Tip = 1.52's,
p=10ns""2, At =5 ps, and # = 0.1. The solid line is a fit
yielding (C,) = 42.6 counts (blue double arrow) and (C,) =
457.3 counts (horizontal black dashed line). (b) (C,) (open blue
dots) as a function of delay Az with f = 28 ns~2, Ar=5 ps,
and Ty, = Ty, = 1.52 5. The solid line is a Gaussian fit yielding
T, = 6.1 ps. (¢) (C,) as a function of delay 27 showing ESEEM,
with f=10ns""/2, At =5 ps, and Tj = Tpep = 1.52's. The
vertical dashed line is 7 = 100 ps used in (a). The blue and red
open circles are the results from two successive runs.

that (C,) < (Cy), which calls for an explanation.
Simulations of the spin ensemble dynamics under the three-
pulse sequence (see the Supplemental Material [30]),
rescaled by the known efficiency #, are visible in
Fig. 2(a). They show an oscillation with the same phase
as the data, a slightly larger amplitude, and an offset close
to the measured (Cy). This indicates that the reduced
contrast is mainly due to the spread in flip (Rabi) angles
among the spin ensemble, which could be mitigated in
future work using rapid adiabatic pulses [32-38].

An important application of spin echoes is to probe the
local environment of paramagnetic species through pulsed
hyperfine spectroscopy [1]. We now show that this is
possible also with FD, by measuring the modulation of the
Er’* echo signal caused by the proximal nuclear spin
environment [21,39,40]. In Fig. 2(c), we plot (C,) as a
function of the interpulse delay = with a 1 ps step size. We
observe a reproducible modulation, likely due to the
hyperfine coupling of the erbium electron spin to the
proximal '"83W nuclear spins [41]. We note that the echo
modulation also possibly explains the reduction in echo
amplitude of the measurements in Fig. 2(a) with respect to
the simulations (which do not take ESEEM into account),
as the chosen interpulse delay 7 = 100 ps in Fig. 2(a) is
close to an ESEEM minimum, as seen in Fig. 2(c).
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FIG. 3. Fluorescence detection of the spin coherence time.
Error bars are 1o statistical. Data were obtained with SMPD].
(a) (C,) as a function of the echo delay 27 (blue open circles) with
p=100ns""2, Ar=5ps, and Ty, = T, = 8.16 5. The or-
ange line is a fit yielding T, , = 3.6 ms and exponent x, = 1.7.
(b) Standard deviation {¢) over the phases ® € [0,7/2, 7,37 /2]
as a function of the delay 2z (green open diamonds) with
p=10ns""2 Ar=5ps, Ty, =055s, and T, =1.52s.
The orange line is a stretched exponential fit, yielding the
coherence time T, ,, = 19 ms and exponent x,, = 1.13.

Using the FD echo, we can measure the Er’* spin
coherence time. First, we measure (C,) as a function of the
interpulse delay 7 [see Fig. 3(a)]. The data are fitted by a
stretched exponential decay (C,) = Ae~(?7/T24)" yielding
a time constant 7, , = 3.6 ms and exponent x, = 1.7. This
is consistent with the values measured in Ref. [25] using ID
EPR in quadrature-averaged mode. It was found in
Ref. [25] that this decay is due to global magnetic field
noise which randomizes the echo phase from shot to shot;
and from Fig. 2(a), it is clear that the echo signal in (C,) in
our three-pulse sequence is indeed sensitive to noise in the
relative phase @. In ID EPR, the (longer) intrinsic spin
coherence time 7, = 23 ms was retrieved by averaging in
magnitude the ID echo signal [25]. In our FD echo
detection sequence, we similarly retrieve the intrinsic spin
coherence time by measuring the decay of the standard
deviation of the number of counts o(z) (see the
Supplemental Material [30]). We thus measure the total
count C(®;,7) as a function of 7z for ®, = kx/2
(k=0,1,2,3) and compute the standard deviation at a
given 7 over the four angles ®;.The data averaged over 950
repetitions [shown in Fig. 3(c)] are fitted with (6) =
V/Ae=2C7/Tan)™ 1 B (see the Supplemental Material [30])
and yield the spin coherence time 7,, = 19 ms and
stretching exponent x,, = 1.13. The value of 7,,, is in
good agreement with the one obtained by ID echo and
magnitude averaging [42,43] as well as with expectations
from spectral diffusion caused by the '®3W nuclear spin
bath dynamics [25]; the fitted stretching exponent is lower,
for unknown reasons.

We finally compare the SNR of FD and ID echo. For
that, the setup is modified as shown in Fig. 4(a): a
nondegenerate Josephson parametric amplifier (JPA) is

0.15

0.105
[- %

aLf

FIG. 4. SNR comparison between ID and FD detection meth-
ods. (a) Setup. A JPA is installed behind the SMPD2 for ID echo
measurement. By, is applied with an angle ¢ = 47°. (b) Echo
histograms detected with FD (red dots, 4000 iterations) and ID
(blue dots, 9000 iterations) taken in the same conditions with
p~25ns""/2 and At = 4 ps, and their Gaussian fits (line). The
data have been averaged over 20 iterations, corresponding to a
measurement time of 8.6 s. The horizontal axes for FD and ID
detection are chosen such that the standard deviations have the
same width, to allow for visual comparison of the distributions’
mean (dashed lines).

0.05

0.00

included in the measurement chain behind the SMPD2.
This makes it possible to measure the SNR of ID two-pulse
and FD restored-echo sequences in identical conditions
(first-two-pulse amplitude and duration, as well as repeti-
tion time). To avoid JPA saturation, we use much lower
pulse powers than in Fig. 1 measurements, leading to a
larger relaxation rate I'y ~ 10 s~ (data not shown). The
resulting echo histograms are shown in Fig. 4(b), both
for ID and FD, for a total measurement time of 8.6 s,
corresponding to the averaging of N, =20 consecutive
sequences. Both sets of data are fitted with a Gaussian to
deduce their statistics.

We first note that (X,)? = 0.08, whereas (C,) = 2.7,
confirming that a larger number of photons can indeed be
obtained with FD than with ID echo. The standard
deviation of the ID echo is found to be 06X, = 0.39.
This is close to, although larger than, the value 1/1/2N; =
0.16 expected from the sole contribution of vacuum
fluctuations and added noise from the quantum-limited
amplifier, likely due to contributions from other amplifiers
in the detection chain, as well as a possible overestimation
of the echo photon number conversion factor (see the
Supplemental Material [30]). The standard deviation of the
FD echo 6C, = 2.2 counts is, on the other hand, dominated
by the dark count contribution. Despite that, the measured
FD echo signal-to-noise ratio (C,)/5C, = 1.25 £ 0.10 is
larger than the ID echo (X,)/6X, = 0.73 4 0.09. Using the
simulation to evaluate the number of spins excited during
the echo sequence, we get a spin detection sensitivity of
7.5 x 10? spin/v/Hz with FD and 1.2 x 10° spin/+/Hz
with ID. This confirms the interest of fluorescence detec-
tion when applied to echo detection, even with the present
generation of SMPD devices. Future SMPDs with lower
dark count rates would yield further enhancements; for
instance, SMPDI in the same operating conditions would

100804-4



PHYSICAL REVIEW LETTERS 131, 100804 (2023)

double the signal-to-noise ratio, given its 4 times lower dark
count rate [4]. Note that this quantitative comparison was
not measured with SMPD1 due to the absence of a
parametric amplifier in the spin detection chain.

The detection of spin echoes using fluorescence detec-
tion completes the proof-of-principle results in Ref. [4] and
establishes FD EPR as an operational alternative to ID
EPR. To reach its full potential, FD EPR requires spins in
the Purcell regime, implying that they should be located
within the picoliter resonator mode volume. Therefore, FD
EPR may prove useful for samples with small volumes,
such as two-dimensional materials. Finally, with larger
radiative rate and lower dark count SMPD devices, FD EPR
has the potential to reach single-spin sensitivity in the near
future [44].
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