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ABSTRACT

Ultra-sensitive microwave sensing is widely demanded in various fields, ranging from cosmology to microwave quantum technology.
Quantum magnetometers based on inorganic solid-state spin systems are promising for this because of their stability and biocompatibility,
but the sensitivity is currently limited to a few pT/

ffiffiffiffiffiffi
Hz

p
. Here, by utilizing an enhanced readout scheme with state-of-the-art solid-state maser

technology, we develop a robust microwave quantum magnetometer based on spins in organic molecules at ambient conditions. Owing to
the maser amplification, the sensitivity of the magnetometer reaches 6.1(2) fT/

ffiffiffiffiffiffi
Hz

p
, which is three orders of magnitude better than that of

the inorganic solid-state quantum magnetometers. Heterodyne detection without additional local oscillators improves the bandwidth of the
sensors and allows determination of the field frequency. The scheme can be extended to other solid-state spin systems without complicated
control pulses and thus enables applications, such as electron spin resonance spectroscopy, dark matter searches, and astronomical
observations.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0271776

I. INTRODUCTION

Quantum sensing uses coherent and precisely controlled quan-
tum systems to detect weak signals with unparalleled sensitivity and
precision.1 Most recently, color centers in semiconductors, for example,
nitrogen-vacancy (NV) centers in diamond2–5 have been developed
as platforms for sensitive detection of microwave (MW) magnetic

fields6–9 with advantages over other systems in terms of robustness,10

biocompatibility,11 and spatial resolution.12 A typical approach to
improve sensitivity is to increase the number N of sensing spins,
because projection noise is inversely proportional to

ffiffiffiffi
N

p
.12 However,

at high spin densities, the paramagnetic impurities become a sizable
source of spin dephasing, such as P1 centers in diamond,13,14 limiting
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the sensitivity of the sensors. For MW field sensing, the requirement of
applying sophisticated control pulses also limits the available N.9

Here, we present a novel approach to sensitive MW magnetic-
field detection, exploiting molecular electron spins in an organic crystal
as quantum sensors. We focus on spins associated with photoexcited
triplets of pentacene molecules doped in an organic single crystal
when coupled to an electromagnetic mode of a microwave resonator
[Fig. 1(a)], because they can be optically polarized and detected with
the maser technique, and exhibit excellent coherence properties even
at room temperature.15,16 This hybrid spin-cavity quantum device can
be used for room temperature maser action,17 strong spin-photon cou-
pling,18 and dc-magnetometry.19 In what follows, we show that such a
system can also be used for sensing microwave magnetic fields without
complicated control pulses.

We discuss two merits of such hybrid quantum sensors. First, by
exploiting the stimulated emission (i.e., the masing process) of the pen-
tacene triplet spins, which resonantly interact with the incoming
microwave magnetic fields, the detected microwave signals undergo
quantum amplification by up to 17 dB so that we boost the sensitivity
of the sensor to 6.1(2) fT/

ffiffiffiffiffiffi
Hz

p
, which is significantly better than the

sensitivity of microwave quantum magnetometers based on NV cen-
ters.6,20 Second, the cavity quantum electrodynamic (cQED) masing

process enables “local-oscillator-free” heterodyne detection of the
microwave signals detuned from the cavity resonance, boosting the
detection bandwidth [Fig. 1(a)]. Additionally, in the absence of para-
magnetic impurities, large (centimeter scale) high-density organic
molecular crystals can be grown at low cost, where the sensitivity of
the molecular magnetometer can be substantially improved with scal-
ing of the number of molecular sensors 1=

ffiffiffiffi
N

p
.

II. RESULTS AND DISCUSSION
A. Molecular spin-based hybrid quantum system

Our quantum sensor for microwave fields is a solid-state hybrid
system, in which an optically addressed molecular spin ensemble is
coupled to the TE01d mode of a three-dimensional dielectric micro-
wave cavity.21 The spin ensemble consists of spin-triplet pentacene
molecules doped in the crystalline matrix of p-terphenyl.22 The penta-
cene molecules possess a spin magnetic moment and are inherently
sensitive to a magnetic field. This makes them suitable for measuring
the magnetic field components of electromagnetic fields.

As shown in Fig. 1(b), under optical pumping at a wavelength
of 590 nm, the electronic spins of the pentacene molecules are pro-
moted from the singlet ground state S0 to the singlet excited state S1,
and then undergo transitions to the triplet state T1 with spin selectiv-
ity through intersystem crossing (ISC) and internal conversion (IC),
successively. In the geomagnetic environment (earth-field), the
whole process results in a non-Boltzmann distribution of popula-
tions in the non-degenerate sublevels of T1 at room temperature,
where the population ratio of TX:TY:TZ is 0.76:0.16:0.08.23 TX and
TZ thus constitute an inverted two-level system with a transition fre-
quency around 1.45GHz. By resonantly coupling the pentacene
molecules to the TE01d mode of a high-Purcell-factor microwave
cavity, which is made of crystalline strontium titanate (STO),24 a
molecular spin-based hybrid quantum system is established and
capable of sensitive microwave detection via measuring the magnetic
field strengths of incident microwaves. The high sensitivity is
achieved due to the intriguing feature of the hybrid quantum system
that the received microwave photons are not only efficiently stored
in the cavity with a high quality factor Q, but also substantially
amplified via the stimulated emission of radiation, i.e., the masing
process, between TX and TZ.

B. Calibration of microwave magnetic field strengths

In order to evaluate the magnetometer sensitivity, we first cali-
brated the sensor by applying magnetic fields of known microwave
powers. A schematic of the experimental setup is shown in Fig. S3 of
the supplementary material. The test fields were produced with a
microwave source whose output was controlled with a microwave
switch synchronized to a laser with transistor-transistor logic (TTL)
pulses from an arbitrary signal generator (ASG). The strength of the
test magnetic field B1 can be varied by adjusting the input microwave
power to the cavity PMW with the microwave source and the variable
attenuator in the circuit. The correlation between microwave power
and magnetic field can be quantified by a conversion factor
C ¼ B1=

ffiffiffiffiffiffiffiffiffiffi
PMW

p
,25 which is necessary to calibrate the test fields.

The conversion factor is theoretically determined as

C ¼
ffiffiffiffiffiffiffiffiffi
2l0QL

Vmx0

q
,25 where l0 ¼ 4p� 10�7 H/m is the vacuum permeabil-

ity, QL, Vm, and x0 are the loaded quality factor, magnetic mode

FIG. 1. The principle of a microwave quantum sensor. (a) Schematic depiction of
the microwave quantum sensor. A pentacene-doped p-terphenyl crystal is housed
within a hollow cylinder of STO. Depending on the frequency of the incident micro-
waves, stimulated emission occurs under resonant (purple) or off-resonant (blue
and orange) conditions, generating amplified or amplitude-modulated output signals.
The inset demonstrates the typical outputs of the sensor. See text for details. (b)
Jablonski diagram of the spin energy level structure of the pentacene molecules
doped in p-terphenyl. Upon excitation, highly spin-polarized states are formed with
population inversion between the triplet sublevels TX and TZ. The input of 1.45 GHz
microwave signals can trigger stimulated emission, resulting in microwave
amplification.
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volume, and resonant frequency of the microwave cavity, respectively.
The definition of the conversion factor indicates that C can be pre-
dicted by characterizing the microwave cavity employed in our sensor.
The loaded quality factor of the cavity resonant at xc ¼ 2p� 1:4494
GHz was measured to be QL ¼ 1706 via the transmission method.
The magnetic mode volume Vm � 5:4� 10�7m3 was determined by
means of the two-dimensional (2D)-axisymmetric finite-element sim-
ulation.26 Thus, the conversion factor C can be calculated to be
0.94mT/

ffiffiffiffiffi
W

p
.

By measuring the transient electron paramagnetic resonance
(trEPR) on the pentacene triplet spin ensemble, the conversion factor
is experimentally measured according to the frequency of the
B1-induced Rabi oscillation XRabi,

27 as shown in Fig. 2(a) (the impact
of ring-up and ring-down time is discussed in materials and methods).
Based on XRabi ¼ �ceB1=

ffiffiffi
2

p
,6 where ce ¼ �28 MHz/mT is the gyro-

magnetic ratio of the electron spin (as for the pentacene triplet), the
Rabi frequencies XRabi ¼ �ceC

ffiffiffiffiffiffiffiffiffiffi
PMW

p
=

ffiffiffi
2

p
reveal a linear correlation

with the square root of the input microwave power of the cavity, and
the conversion factor can be determined from the slope. The observed
Rabi frequency as a function of the input microwave power in the
trEPR experiment is shown in Fig. 2(b). The expected linear correla-
tion is verified with the conversion factor C ¼ 1.05(3)mT/

ffiffiffiffiffi
W

p
, which

is close to the calculated value based on the parameters of the cavity.

C. Sensitivity of the microwave quantum sensor

The sensitivity of the microwave quantum sensor was evaluated
by employing an experimental setup similar to that of the trEPR mea-
surements. The key differences were the optical pump power and the
condition of the microwave cavity optimized for the masing process,
thus boosting the sensor sensitivity. The optimized maser amplifica-
tion was achieved when QL was increased from 1706 to 1857, and the
cavity resonance was tuned toxc ¼ 2p� 1:4492GHz. It is worth not-
ing that higher QL should be avoided as it would result in maser oscil-
lations that smear the microwave signals to be detected and thus are
detrimental to the sensor performance. According to the relationship
C / ffiffiffiffiffiffiffiffiffiffiffiffiffi

QL=xc

p
validated in the trEPR experiment, the conversion fac-

tor C was slightly modified to be 1.10(3)mT/
ffiffiffiffiffi
W

p
for analyzing the

sensitivity.
By confirming the conversion factor, the sensitivity can be deter-

mined from the response of the sensor to a calibrated B1 fields along
with the measured noise. A series of microwave signals with different
powers was input into the sensor; the corresponding B1 fields are
shown in Fig. 2(c). The response of the sensor S [Fig. 3(a)] shows a
nonlinear growth with increased B1 fields. Owing to the maser amplifi-
cation, even for an nT-level weak B1 field, it can be substantially
enhanced and easily detected by the sensor in a single-shot measure-
ment with a high signal-to-noise ratio (SNR), which is revealed by the
small error bars in Fig. 3(a). The feature of the maser amplification
was characterized in terms of its gain as a function of frequency, shown
in the inset of Fig. 3(a). Upon sweeping the frequency of the input
microwave signals xin, the cavity resonance was kept to be xc ¼ xin

with the same coupling coefficient so that the B1 fields of the input sig-
nals were kept identical (�50 nT) over the sweep range. The maxi-
mum gain was found to be 17 dB when xin ¼ 2p� 1:4492GHz. The
distribution of the gain at different frequencies follows the inhomoge-
neously broadened asymmetric EPR line shape of the pentacene triplet
spin ensemble, which arises from the second-order hyperfine

interactions at the earth-field.19 The negative gain, i.e., attenuation,
observed on the wings of the distribution is due to the fact that the
pentacene spin subensembles far from the EPR resonance are insuffi-
cient to produce enough gain to compensate the microwave losses (see
the supplementary material for the gain and frequency analysis). As
shown in Fig. 3(a), the output signal is gradually saturated as the input
microwave field increases, revealing that the sensor has the functional-
ity of a limiter to protect the back-end from overload.

By differentiating the response of the sensor to B1, the corre-
sponding responsivity r ¼ @S=@B1 is obtained and shown in Fig. 3(b).
Relying on the definition of the sensitivity, g ¼ rs

r
ffiffiffiffiffiffi
2Df

p ,19,28 in which rs

is the standard deviation of noise in a single measurement and
Df ¼ 500MHz is the equivalent noise bandwidth of our data acquisi-
tion. Thus, the sensitivities under different microwave magnetic fields
are determined, as depicted in Fig. 3(b); the optimal sensitivity is
1:2ð2Þ fT/ ffiffiffiffiffiffi

Hz
p

. This is three orders of magnitude better than those

FIG. 2. Magnetic field calibration. (a) Rabi oscillation at different power levels. (b)
The obtained Rabi frequencies show a linear relationship with the square roots of
the power. A slope of 20.86MHz/

ffiffiffiffi
W

p
and a microwave magnetic-field conversion

factor C of 1.05 mT/
ffiffiffiffi
W

p
can be derived. Each data point represents the mean 6

standard deviation obtained by repeating three individual experiments. (c) The
obtained conversion factor C can be used to determine the microwave magnetic
field strength at different power levels. The blue line represents the calculated rela-
tionship between the magnetic field and power, while the blue dots correspond to
the power points measured in the experiment. Error bars are contained within the
data points.
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achieved with NV sensors in diamond.6,20 We further verify the mea-
sured sensitivity by analyzing the sensor response to a weak microwave
pulse with a frequency of 2p� 1:4492GHz tuned to the peak of the
cavity resonance and a field strength Btest of 2.47 nT [Fig. 3(c)]. We
note that because of the ring-up/down time of the cavity, the input
microwave signal was not only amplified but also prolonged. We
obtain the SNR of the microwave power to be SNRP¼161.4, which
leads to the magnetic field SNRB¼12.7. Consequently, the experimen-
tal sensitivity (6.1(2) fT/

ffiffiffiffiffiffi
Hz

p
) of the sensor is obtained via

g ¼ Btest
SNR

ffiffiffiffiffiffi
2Df

p ,6 which is on the same order of magnitude as the sensi-

tivity predicted above based on the responsivity. Comparing with the
reported microwave quantum sensors/magnetometers summarized in
Fig. 3(d), the sensitivity of our device is superior to those of the NV-
center based microwave magnetometers6,7,20,29–33 and thus can be con-
sidered a promising room-temperature solid-state quantum device for

microwave detection. On the other hand, we are also approaching the
sensitivity recently achieved by cold Rydberg atoms34–36 while reveal-
ing the robustness and integration capability in contrast to gaseous
Rydberg systems.

D. Enhanced sensing via the self-frequency-mixing
effect

The aforementioned microwave detection with our sensor was
implemented under a resonant condition, i.e., xin ¼ xc, while for
practical sensors, the resonant condition is not always fulfilled.
Therefore, it is necessary to evaluate the performance of the sensor for
off-resonant microwave signals. We measured various microwaves
applied to the sensor that were set between 1.4454 and 1.4534GHz in
steps of 100 kHz. Note that during our measurements, the cavity
remained resonant with the broad pentacene triplet spin resonance. As

FIG. 3. The sensitivity of the microwave quantum sensor. (a) The data points represent the signal strengths measured at different microwave magnetic fields and are fitted by
an exponential equation. Inset: maser amplification gain obtained at different frequencies with an input microwave magnetic-field strength of 49.23 nT. (b) Sensor responsivity
(green triangles) at different magnetic fields determined from the slopes of the fitting curve in (a). The corresponding sensitivity at different magnetic fields is represented with
yellow circles. The error bars represent the standard errors of the data points in (a) and (b). (c) A signal waveform with an SNR of 161.4 was obtained at the lowest input micro-
wave magnetic field corresponding to the lowest data point in (a). (d). Comparison of the sensitivities of different microwave quantum sensors. The blue area represents the
magnetic-field sensing (NV centers and pentacene doped in p-terphenyl, Pc:Ptp), whereas the yellow area represents the electric-field sensing (Rydberg atoms). The three col-
ored lines represent the SQLs (see supplementary material Sec. S4) of Pc:Ptp (red), NV centers (blue), and Rydberg atoms (yellow), respectively. The sensitivities of the mag-
netometry and electrometry marked on the y-axes are mutually equivalent.
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we adjusted the input frequency detuning from the cavity resonance,
beatings appeared in the output of the sensor. We have experimentally
confirmed that the above phenomenon is a quantum effect rather than
attributed to interference between the reflected and leaked signals,
because beats are only visible when the laser is on, indicating that spins
must play a role in generating these signals. When detuning increased,
the frequency of the beats increased linearly while the output ampli-
tude was reduced, as shown in Figs. 4(a) and 4(b). The decreased
amplitude arose from (i) the lower maser gain at off resonance, as

demonstrated in the inset of Fig. 3(a); (ii) the loss of the detected signal
due to detuning-induced reflection at the cavity input port, which was
characterized through the S� parameter measurement (see the supple-
mentary material). The beat frequency is equal to the detuning
Dx ¼ xc � xin.

The measured beat frequency agrees with the theoretical predic-
tion (see supplementary material for details), as shown in Fig. 4(a),
which reveals that our quantum sensor is also capable of heterodyne
measurements. More intriguingly, different from the reported

FIG. 4. Proof-of-principle demonstrations of heterodyne detection of microwave fields. (a) The beats between the frequency of the cavity resonant mode
xc ¼ 2p� 1:4494 GHz, and the detuned input microwaves are mapped out with respect to the detuning frequency Dx. A linear relationship is displayed with a frequency
range of 64 MHz, which is far beyond the bandwidth of the cavity (� 800 kHz). The error bars are contained within the data points. Inset: two Bloch spheres qualitatively
describe the oscillations of polarized spin under negative (left) and positive (right) detunings. The three orange arrows represent the equivalent magnetic field of the input micro-
waves in the rotating frame, including the detuning frequency (Dx), the Rabi frequency (x1) induced by the B1 field, and their vector sum (xeff ). The red arrow represents the
polarized spin, pointing from the origin toward the positive direction of the z-axis. It undergoes Larmor precession around the axis xeff , and the red dashed arrow with an arrow-
head indicates the direction of the precession. (b) The experimental and simulated maser response under varying detuning frequency of the off-resonant microwave fields. The
beatings with different detunings are mapped out as a function of time after applying laser pulses (upper) while the dynamics are simulated based on the driven Tavis–
Cummings model (lower), see materials and methods. (c) The upper subplot represents the enhancement figure-of-merit of heterodyne detection of microwave field sensing.
The bottom left and right subplots represent the FFT results for signals of laser-on (yellow) and -off (pink) under resonance (left) and off resonance (right), respectively. The pur-
ple line gives the fitted curve of the FFT data (pink) when the laser is off. The data points represent the mean 6 standard deviation obtained from five experiments.
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quantum sensors, i.e., NV centers6,37 and Rydberg atoms34 that employ
classical microwave sources for the local oscillators of heterodyne mea-
surements, our hybrid quantum system by itself acts like the
local oscillator for frequency mixing. The underlying physics is the
self-frequency-mixing effect between an off-resonant microwave field
and the pentacene triplet spin ensemble, which can be described by the
driven Tavis–Cummings model38,39 (see materials and methods for
details), while the equality of the beat frequency detuning can be
explained by solving Maxwell–Bloch equations,40 see supplementary
material.

In terms of the detection of the input frequency, since the dura-
tion of the input microwaves in our measurements was 5ls limited by
the duration of masing, the frequency of the beats is unresolvable
unless it is larger than about 200 kHz, whereas those signals with
detuning smaller than 200 kHz can be observed with a prominent
amplification near resonance. Despite the presence of the cavity play-
ing the role of a narrow-band filter, our detection range was not lim-
ited by the cavity bandwidth (� 800 kHz). Strikingly, the detuning
range where the beats can be observed exceeds the cavity bandwidth
by approximately an order of magnitude, i.e., 6 4MHz. In principle,
the beat-frequency range could be broader (about610MHz19), where
the magnetic resonance of the pentacene triplet spin ensemble is mea-
surable, i.e., a sufficient number of spins are present in the range of the
input frequency.

As the incident microwaves are measured by observing the out-
put power of the maser-amplified signal, i.e., the maser-burst envelope,
which is measured directly by a logarithm detector, the modulated
oscillations of the envelopes resulting from the self-frequency-mixing
effects circumvent the 1=f noise in contrast to the resonant detection
yielding near-DC signals. To verify this, we introduce a figure of merit,
e to compare the on- and off-resonance detection enhancement offered
by the sensor. e was obtained from the ratio between the fast Fourier
transform (FFT) amplitudes measured with and without the laser exci-
tation, i.e., the sensor was switched on and off (see Sec. IV). As shown
in Fig. 4(c), compared with the resonant detection, the heterodyne
detection under the detuning conditions is improved, and the
enhancement of e ¼ 15:1 dB was achieved at Dx=2p ¼ 4MHz,
whereas e obtained on resonance was 8.9dB lower. The above experi-
mental results indicate that, while the maser signal gain was reduced in
the detuned case compared to the resonant case, it also lowers the
noise floor by reducing the 1=f noise, leading to an overall improve-
ment in SNR. A higher SNR enhancement means that weaker signals
can be detected more effectively compared to the resonance condition,
resulting in better sensitivity. In addition, we found that although e
measured at Dx > 0 and Dx < 0 is largely symmetrical, the part with
Dx > 0 is slightly larger overall than the part with Dx < 0, and the
downward trend is slower, with a slightly larger half-width. This was
attributed to the asymmetric EPR line shape of the pentacene triplet
spin ensemble in which the spin subensembles are distributed prefer-
entially in the regime Dx > 0 rather than Dx < 0 due to the second-
order hyperfine interactions.41 Although the self-frequency-mixing-
effect-assisted sensor possesses similar features to the heterodyne
detectors, i.e., high sensitivity and the detected signals originate from
the frequency beating, our approach effectively expands the detection
bandwidth, especially lifts the restriction of the setup by the cavity,
whereas the traditional heterodyne technique sacrifices the detection
bandwidth for the sensitivity.

III. CONCLUSION

We have demonstrated a microwave quantum sensor based on
the pentacene triplet spin ensemble coupled to a microwave cavity at
ambient conditions. The detection scheme of the sensor is to measure
microwave magnetic fields, in contrast to the traditional k=2 dipole
antennas and the Rydberg atomic sensors, which are essentially elec-
trometers. By exploiting the maser amplification in the solid-state
hybrid quantum system at about 1.45GHz, the sensor sensitivity of
6:14ð17Þ fT= ffiffiffiffiffiffi

Hz
p

is achieved. This figure surpasses the state-of-the-
art microwave magnetometers based on solid-state spins of NV cen-
ters,6,20 and can be further improved by reducing the system noise
temperature. Under our current system at room temperature, the noise
temperature can be roughly estimated to be 99K (see the supplemen-
tary material), which can be further reduced by increasing the maser
gain, reducing the loss caused by the circulator and signal transmis-
sion.17 Moreover, the self-frequency-mixing effects in the hybrid quan-
tum system enable us to detect microwave signals outside the cavity
bandwidth by monitoring the heterodyne-like frequency beats with
high SNR. Using the beats removes the restriction of the detection
bandwidth set by the cavity and offers enhanced detection capability
under large-detuning conditions compared to the resonant scenarios.
Unlike the heterodyne measurements demonstrated using the Rydberg
atoms and NV centers that often require an external source to provide
a local microwave field, our sensor operates without the need for such
external microwave sources, which renders unique advantages, e.g.,
convenience and simplicity.

Our device, possessing both functionalities of quantum mixers
and amplifiers, expands the quantum toolbox for ultrahigh-sensitivity
microwave detection and provides promising approaches for improv-
ing current microwave receiver systems in radars,42 wireless communi-
cations,43 radio telescopes,44 microwave circuitry imaging,45 and ESR/
EPR.25,40 Our scheme, incorporating the amplification characteristic of
masers in the sensing of microwave fields, can be extended to various
mature solid-spin quantum systems, e.g., those based on silicon vacan-
cies in silicon carbide,46,47 negatively charged boron vacancies in the
van der Waals hexagonal boron nitride crystals,48,49 or NV centers in
diamond.50,51 To enhance the ability of the device for the detection of
continuous-wave (CW) fields, extending our scheme to a CW mode
may be a solution in the future. Although CW pentacene masers have
not yet been realized, significant progress in this area has been made,
and the quasi-CW operation of a pentacene maser at room tempera-
ture has recently been demonstrated,52 indicating the feasibility.

IV. MATERIALS AND METHODS
A. Experimental setup

Configured as a cavity amplifier operated in reflection through a
circulator, the setup of the microwave sensor is shown in the supple-
mentary material. By utilizing the finite-element-method software, we
designed the microwave cavity, which was constructed from a hollow
cylindrical single-crystal of STO containing a 0.1% pentacene-doped
p-terphenyl crystal (7.2mm height, 4mm width, 1.5mm average
thickness). The STO hollow cylinder was mounted on a Rexolite sup-
port and housed within a cylindrical copper enclosure. A copper tun-
ing piston at the top of the cavity was used to change the distance
between the STO cylinder and the ceiling of the cavity to adjust the res-
onant frequency of the TE01d mode. The microwave resonator was
directly coupled to a circulator using a small loop antenna as an

Applied Physics Reviews ARTICLE pubs.aip.org/aip/are

Appl. Phys. Rev. 13, 011403 (2026); doi: 10.1063/5.0271776 13, 011403-6

VC Author(s) 2026

 14 January 2026 11:26:27

https://doi.org/10.60893/figshare.apr.c.8214419
https://doi.org/10.60893/figshare.apr.c.8214419
https://doi.org/10.60893/figshare.apr.c.8214419
https://doi.org/10.60893/figshare.apr.c.8214419
https://doi.org/10.60893/figshare.apr.c.8214419
https://doi.org/10.60893/figshare.apr.c.8214419
pubs.aip.org/aip/are


undercoupled input/output port. By splitting the amplified microwave
signals with a power splitter, we directly monitored the amplified
microwave fields with a digital storage oscilloscope (Tektronix
MSO64; sampling rate 6.25 GSa/s), whereas the power of the amplified
microwave signals was measured with a logarithmic detector
(AD8317; scale, 22mV/dB), AC-coupled to the oscilloscope.

An optical parametric oscillator, OPO (Deyang Tech. Inc.,
BBOPO-Vis; pulse duration, 7 ns), pumped by its own internal Q-
switched Nd:YAG laser, was used to excite the pentacene crystal. The
injected pump-laser pulses, as well as the test microwave fields gener-
ated from a MW source (SynthHDPro V2), were triggered by an ASG
(arbitrary sequence generator, CIQTEK, ASG8400).

B. On-resonance microwave magnetic field detection

The microwave cavity was characterized with a microwave ana-
lyzer (Keysight, N9917A, see supplementary material). The measure-
ment setups for the trEPR, maser-gain, and microwave magnetic field
detection are the same, as described above. The microwave power used
for the trEPR measurement was set from –14.98 to 6.67dBm. The laser
pulse used for the measurements of trEPR, maser gain, and microwave
magnetic field detection was monitored with a photodetector
(Thorlabs, DET10A2).

When detecting the resonant microwave magnetic field, the
maser-amplification method was adopted. There are two operating
regimes for the maser: the amplification regime and the self-oscillation
regime. In the amplification regime, the maser outputs a signal only
when there is an input signal, whereas in the self-oscillation regime,
the maser produces an oscillation signal even in the absence of an
input. Our system operates in the amplification regime (the input sig-
nal to be amplified is weak, so it does not saturate the amplification
process) 5ls microwave square-wave pulse in the experiment), as con-
firmed by our experiments, where no self-oscillation is observed.

C. Heterodyne detection

We perform heterodyne detection with detuned microwave fields.
The power of input microwaves generated by the microwave source
was –56.8 dBm, and the frequency was varied from 1.4454 to
1.4534GHz. To verify that heterodyne detection can circumvent the
1=f noise, we introduced an enhancement figure of merit defined as

e ¼ FFTðLaserONÞ
FFTðLaserOFFÞ

����
Dx

: (1)

In Eq. (1), the numerator is the FFT of the output signal at Dx
when there is a detuned signal input and the laser is turned on, while
the denominator is obtained through curve fitting under the condition
that the laser is turned off (with the input detuned signal applied).
When the laser is turned off, we still perform an FFT on the
output signal. We fitted the FFT spectrum using the function
y ¼ 10lgða=ðf þ bÞcÞ, where a, b, and c are fitting parameters, and y
represents the spectral density of signal amplitude (expressed in dB).

We note that e is not the SNR, however, it positively
correlates with the improvement of SNR brought by the maser
process. Comparing the “laser ON” and “laser OFF” states, the maser
effect enhances the efficiency of the signal detection, which is quanti-
fied by e.

D. Cavity electrodynamics of the maser process

To give a dynamical description of the maser process with detun-
ing in Fig. 4, we start from the driven Tavis–Cummings Hamiltonian
in the rotating frame38,39

H ¼ �hDca
†aþ �h

2
Ds

XN
j¼1

rzj þ �h
XN
j¼1

gjr
�
j a

† þ g�j r
þ
j a

h i

þ i�h Va† � V�a½ �; (2)

where Dc ¼ xc � xin and Ds ¼ xs � xin are the detunings of the res-
onator frequency xc and of the spin frequenciesxs from the input fre-
quency xin of the incoming microwave pulse with amplitude V. a†(a)
is the creation (annihilation) operator for the resonator mode, cou-
pling with gj to the jth spin that is presented wwith the Pauli operators
rzj , r

þ
j , and r

�
j .

The evolution of the system can be described according to the
quantum master equation, which is written as

dq
dt

¼ � 1
i�h

q;H½ � þ L q½ �; (3)

where L½q� stands for the Liouvillian18,53

L q½ � ¼ jcðaqa† � 1
2
ða†aqþ qa†aÞÞ þ ck

XN
j¼1

ðrzj qrzj � qÞ

þ c?
2

XN
j¼1

ð2r�j qrþj � rþj r
�
j q� qrþj r

�
j Þ

þ c?
2

XN
j¼1

ð2rþj qr�j � r�j r
þ
j q� qr�j r

þ
j Þ: (4)

The first term in Eq. (4) describes the cavity losses with the decay
rate jc, the second and third terms represent the longitudinal and
transversal decay with rates ck and c?, respectively.

In the large spin ensembles limit, correlations between the cavity
mode and spins can be neglected,39 for example, hrþj ai � hrþj ihai.
According to the Lindblad master Eqs. (3) and (4) and the approxi-
mate conditions above, we obtain a set of first-order differential equa-
tions for the expectation values of the cavity mode field hai and spin
angular momentum h~S�i and h~Szi

d
dt
hai ¼ � 1

2
jc þ iDc

� �
hai � igeff h~S�i þ V; (5)

d
dt
h~S�i ¼ � 1

2
ck þ iDs

� �
h~S�i þ igeff

1
N
h~Szihai; (6)

d
dt
h~Szi ¼ �c?h~Szi þ 2igeff

1
N
ðh~S�iha†i � h~SþihaiÞ; (7)

where ~S6 ¼ 1ffiffiffi
N

p
PN

j¼1 r
6
j and ~Sz ¼ 1

N

PN
j¼1 r

z
j are collective spin oper-

ators, and geff ¼ g
ffiffiffiffi
N

p
represents the coupling strength which is

derived under an assumption that the spin–photon coupling of each
spin is the same and is a real number, i.e., gj ¼ g�j ¼ g for any j. hOi is
the expectation value of the operator O. Numerical solutions of the set
of differential equations (5)–(7) are achieved by utilizing the Runge–
Kutta method. To fit the experimental results measured by a logarith-
mic detector in Fig. 4(a), the simulated results shown in Fig. 4(b) were
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calculated by lgha†ai and normalized by its maximum and minimum
values. In the simulation, an approximation ha†ai � ha†ihai ¼ jhaij2
is adopted, where hai is obtained from the solutions of Eqs. (5)–(7).

E. Ring time in Rabi frequency measurement

Rabi oscillation by using time-resolved electron paramagnetic res-
onance (trEPR) is a standard method for calibrating the B1 field.

6,20

In our system, the ring-up and ringdown times can be calculated
as sR ¼ 2QL=xc ¼ 1857=ð1:4492 GHz� pÞ � 407.88ns. In our
experiment, the maximum Rabi frequency is less than 1.6MHz, result-
ing in a period longer than 625 ns, which is longer than the ring-up
and ringdown times. Additionally, the duration of microwave input
extends up to 5ls, which is an order of magnitude longer than the
ring-up and ringdown times.

Therefore, the influence of ring-up and ringdown time is primar-
ily concentrated in the first and last periods of the Rabi oscillation,
rather than in the intermediate period, which does not affect the mea-
surement of the Rabi frequency.

SUPPLEMENTARY MATERIAL

See the supplementary material for responsivity and sensitivity
calculations (Sec. S1); relationship between gain and frequency (Sec.
S2); S-parameter measurements and its figure (Sec. S3 and
Supplementary material Fig. S1); SQL of our system (Sec. S4); qualita-
tive analysis to enhance sensitivity (Sec. S5); parameters and initial
conditions determination in the dynamics simulation (Sec. S6); model-
ing of the spin dynamics in heterodyne detection (Sec. S7); evaluation
of noise temperature (Sec. S8); comparison of the sensitivities of differ-
ent microwave quantum sensors (supplementary material Fig. S2) and
the measurement setup (supplementary material Fig. S3).
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