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Magnetocardiography (MCG) has emerged as a sensitive and precise method to diagnose cardiovas-
cular diseases, providing more diagnostic information than traditional technology. However, the sensor
limitations of conventional MCG systems, such as large size and cryogenic requirement, have hindered
the widespread application and in-depth understanding of this technology. In this study, we present
a high-sensitivity, room-temperature MCG system based on the negatively charged nitrogen-vacancy
(N-V) centers in diamond. The magnetic cardiac signal of a living rat, characterized by an approxi-
mately 20-pT amplitude in the R wave, is successfully captured through noninvasive measurement using
this innovative solid-state spin sensor. To detect these extremely weak biomagnetic signals, we utilize
sensitivity-enhancing techniques such as magnetic flux concentration. These approaches have enabled us
to simultaneously achieve a magnetometry sensitivity of 9 pT Hz−1/2 and a sensor scale of 5 mm. By
extending the sensing scale of the N-V centers from cellular and molecular level to macroscopic level
of living creatures, we have opened the future of solid-state quantum sensing technologies in clinical
environments.

DOI: 10.1103/PhysRevApplied.21.064028

I. INTRODUCTION

Magnetocardiography (MCG) is a diagnostic technique
that utilizes the cardiac magnetic signal to detect the
heart activities [1]. In recent years, MCG has gained
increasing attention for its higher sensitivity and accuracy
in identifying cardiovascular diseases than conventional
methods [2–7]. The cardiac magnetic signal propagates
near transparently through body tissue with low magnetic
permeability, which allows the MCG method to detect
more information than conventional techniques [8–10].
However, as the inherently weak strength of biomagnetic
signals necessitate the high-sensitivity magnetometers in
measurements [11], several critical challenges of these
sensors need to be overcome for the widespread applica-
tion of MCG technology. Among the conventional sensors,
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the most widely used superconducting quantum interfer-
ence device (SQUID) is restricted by its expensive and
complex cryogneic equipment [12–14]. The thickness of
the dewar in the SQUID magnetometer imposes con-
straints on achieving near-source room-temperature detec-
tion at millimeter scale, which is a critical limitation in bio-
magnetic applications [15]. Recent advancement in atomic
magnetometer is impressive, but its high performance is
primarily manifested in scalar magnetic field measurement
[16–20], which causes a non-negligible vector information
loss in magnetic cardiac measurement [19]. As it stands
currently, the challenging balance between sensor sensitiv-
ity, vector measurement capability, and spatial resolution
has hindered the widespread application of MCG technol-
ogy [21,22]. This limitation from the sensor also leads to
the absence of high-resolution, full-vector cardiac magne-
tocardiography, which is the essential experimental result
for gaining deeper understanding in this realm.
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The nitrogen-vacancy (N-V) center in diamond is a
promising solid-state spin system in quantum sensing [23],
which is a competitively potential solution to overcome
these challenges for MCG [24,25]. This innovative quan-
tum sensor has many advantages for magnetic field mea-
surement, including high theoretical sensitivity, [26–28],
high spatial resolution [29,30], vector measurement capa-
bility [31], and great integration potential in multichannel
array configuration [32,33]. The dependency on cryogenic
cooling in traditional SQUID-based MCG measurement is
eliminated by the N-V center’s high performance at room
temperature [32,34]. This advantage enables the diamond
sensor to detect biomagnetic signals at micrometer-scale
distances from the source [35]. Recently, a magnetome-
try sensitivity of 460 fT Hz−1/2 has been achieved at the
millimeter scale using N-V centers [36]. Meanwhile, with
the growing study of vector information’s unique utility in
diagnosing cardiovascular diseases [19], the N-V centers
demonstrate higher potential in MCG with their outstand-
ing capability in vector field measurement [37]. These
advantages position the NV center as one of the most com-
petitive candidates to extend the frontier of MCG research
and application.

In this work, we performed the first instance of noninva-
sive MCG measurement of living animals using N-V cen-
ters in diamond, which marks a meaningful milestone for
this quantum system in biomagnetic sensing application.
By applying sensitivity-enhancing techniques, including
magnetic flux concentration and dual-resonance spin mag-
netometry, we achieved a magnetometry sensitivity of
9 pT Hz−1/2 in the 10–200 Hz range. Based on the results
of this animal experiment, the potential future enhance-
ments and applications of diamond N-V magnetometer in
research and clinical settings are discussed in detail.

II. MATERIALS AND METHODS

A. N-V center magnetometry

The N-V center is a point defect in diamond consisting
of a substitutional nitrogen atom and an adjacent vacancy.
As shown in Fig. 1(b), the electronic spin of the N-V center
features a ground-state triplet 3A, where the lower-energy
state |ms = 0〉 is separated from the |ms = ±1〉 states by a
zero-field splitting D = 2.87 GHz. When an external mag-
netic field B‖ is applied along its symmetry axis, the ground
state 3A splits due to the Zeeman effect [39]. N-V center
can be optically excited from the ground state 3A to the
excited state 3E using a green laser. After the excitation,
its spin state can be optically readout through the red PL
intensity emitted during its spontaneous transition to the
ground state [40]. This is attributed to a higher probabil-
ity of a nonradiative transition via the intermediate singlet
state 1A and 1E when the N-V center is at |ms = ±1〉 states
than at the |ms = 0〉 state. The ground-state Hamiltonian of
a single N-V center can be written as follows, from which

the state energy levels and transition frequencies could be
solved:

H = DS2
z + gμB �B · �S,

where �S = (Sx, Sy , Sz) is the dimensionless electronic spin-
1 operator with ẑ parallel to the N-V symmetry axis, �B is
the external magnetic field while B‖ is its component along
the N-V symmetry axis, g is the electronic g factor of the
N-V center, and μB is the Bohr magneton. The hyperfine
coupling is ignored due to the broadened linewidth of the
ODMR spectrum.

When a continuous laser and a continuous microwave
field resonant with the splitted spin energy-level gaps
are simultaneously applied to the N-V center, the transi-
tions between the |ms = 0〉 state and the |ms = ±1〉 states
are steadily induced. This process, known as microwave-
induced spin resonance, influences the changes in PL
intensity. Variation of the applied magnetic field alters the
energy gap between the |ms = 0〉 state and the |ms = ±1〉
states, thus changing the resonance situation for the
microwave field. As a result, the PL intensity emitted
by the N-V center varies in response to the changes in
the external magnetic field. By modulating the microwave
field near the resonant frequency, the variation of PL inten-
sity could be tuned into specific frequency and demodu-
lated with lock-in technique [34]. When the microwave
field applied is resonant with the electron transition, an
observable change in the PL signal occurs. The degener-
acy of |ms = ±1〉 is lifted when an external magnetic field
is applied. This method ensures that the minute changes
in external magnetic field could be accurately captured
and analyzed, rather than being masked by low-frequency
background noise.

The dual-resonance spin magnetometry based on the
N-V center is a technique to simultaneously manipulate the
electron spin states |ms = +1〉 and |ms = −1〉 in external
magnetic field. By modulating the two resonant frequen-
cies at an identical modulation frequency fmod with π phase
shift, the overall PL signal could suppress common-mode
noise and enhance sensitivity in single-resonance situa-
tion. The temperature-dependent zero-field splitting D con-
tributes to the resonant frequencies f± in common-mode
behavior, while the magnetic field-dependent frequency
shifting approximately ±γ B‖ affects f± in contrasting man-
ner [41]. As a result, this method effectively mitigates
the influence of temperature fluctuations and improves the
readout contrast for magnetic field detection.

B. System setup

Figure 1(a) demonstrates the setup of the diamond-based
MCG system for the animal experiment. A diamond sam-
ple doped with ensemble N-V centers was employed as
the magnetic sensor. A pair of magnetic flux concentra-
tors made from high magnetic permeability material were
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FIG. 1. Introduction of the magnetocardiography system based on the N-V magnetometer. (a) 3D schematic of the diamond-based
MCG system. The diamond-based MCG system detects the magnetic cardiac signal generated by the experimental animal, which is
significantly amplified by a pair of flux concentrators. An optical system was established for N-V center excitation and red fluorescence
collection, where the PL was sensed by a photodiode (PD) and readout by electronic devices. (b) Electronic structure and energy-level
diagram of the N-V center in diamond. The zero-field splitting D refers to the energy difference between the ground electronic spin
state |ms = 0〉 and |ms = ±1〉. When external field parallel to the N-V symmetry axis B‖ exist, there will be a Zeeman split between
the |ms = ±1〉 energy level, which allows for the vector magnetic measurement. Green laser can be used to excite the N-V center
from the ground state to the excited state, while the resultant red PL from spontaneous radiation serves as an optical readout for
magnetic resonance. (c) Simulated cardiac measurement experiment using the diamond-based MCG system. Here is the waveform of
a simulated cardiac measurement using this diamond-based MCG system. A coil with two inversed ring radii r1 = 5 mm and r2 =
6 mm was fabricated with copper wire to approximate the rat heart at a speculated heart rate 12 Hz [38]. The red line represents the
simulated MCG waveform detected by this system, which evaluates the efficacy of this MCG system in detecting cardiac signal.

fabricated to enhance the magnetic cardiac signal detected
by this [100] diamond clenched between them [28,42].
The clamping surface size of the flux concentrator is
1 mm × 2 mm, and it is positioned at a distance of 10 mm
from the bottom surface with size 5 mm × 10 mm. As
observed in Fig. 2(b), the 2.5-µT bias field is amplified by
a factor of approximately 60 within the diamond sensor. To
manipulate the spin state of the NV centers, a double split-
ring microwave antenna was utilized to transmit the reso-
nant microwave signal [43]. For a higher spin polarization
of the N-V centers, a 532-nm green laser with 1.5-W output
power was focused to a beam waist of 40 µm. A half-wave

plate was used to adjust the polarization of the excitation
laser. The PL signal emitted from the N-V centers was
guided through a parabolic waveguide for higher collec-
tion efficiency. To ensure the purity of the optical signal, a
long-pass filter was used to exclude unwanted light com-
ponents, allowing only the red PL to pass through. Finally,
this refined red PL was converted into photocurrent by
a photodiode (PD) for readout, which was then ampli-
fied by a preamplifier and received by a lock-in ampli-
fier for signal detection. This setup ensures the diamond
sensor’s compatibility with the experimental animal for
MCG measurement, as well as the efficiency of spin
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FIG. 2. Performance of the dual-resonance spin magnetometry based on the N-V center for the diamond-based MCG system.
(a) Dual-resonance magnetometry calibration. The lines display the demodulated PL signal in response to varying external magnetic
fields for both single- and dual-resonance methods. The red line illustrates the PL response in dual-resonance situation, resonating
simultaneously with both f± frequency with a linear response 72.6 mV/µT. The two gray lines represent the single-resonance situa-
tions, each resonating with either f− or f+ with linear responses 45.3 mV/ µT and 49.0 mV/ µT. (b) 2D optical detection magnetic
resonance (ODMR) spectrum. The 2D ODMR spectrum of the N-V centers in diamond demonstrates how the demodulated PL signal
varies with an externally applied magnetic field along the flux concentrator and a changing microwave field. The solid line denotes
the linear relationship between resonant frequency f± and Bext with magnetic flux concentration f± ≈ D ± αGγ Bext, and the dotted
dashed line represents the theoretical relationship without the flux concentrators f± ≈ D ± αγ Bext. Here G is the enhancement factor
of the magnetic flux concentrator, γ is the gyromagnetic ratio of the N-V center, and α ∼ 0.6 is the angle factor from the misalignment
between external magnetic field and the N-V center’s symmetry axis. As the slope of αGγ is fitted to be 1027 ± 50 GHz/T and γ =
28 GHz/T, the amplification factor is estimated to be approximately 60. (c) Diamond N-V magnetometer sensitivity. This is the sen-
sitivity spectrum of the N-V magnetometer, where the red line represents the sensitivity of the N-V magnetometer, and the gray line
indicates the background noise in a nonresonant situation. The dotted green line represents the averaged sensitivity 9 pT Hz−1/2 rang-
ing from 10 to 200 Hz, in accordance with the frequency range of cardiac signal. where the PL signal is sensitive to the environmental
magnetic field. The experiment was carried out in the magnetic shielded drum to ensure minimized environmental electromagnetic
interference.

polarization and the collection efficiency of spin-emitted
fluorescence.

Following the setup of the MCG system, a simulated
cardiac measurement experiment was performed using a
homebuilt coil designed to mimic the shape and size of
a rat heart [44]. The coil’s voltage, serving as the sim-
ulated ECG signal, was captured by a data-acquisition
system (DAQ). Meanwhile, the generated magnetic field
of the coil, representing the simulated MCG signal, was
measured by the diamond N-V magnetometer. The MCG
waveform obtained from this simulation is displayed in
Fig. 1(c). The figure clearly showcases the characteristics

of a typical cardiographic waveform cycle (U, P, Q, R,
S, T), effectively validating the capability of the MCG
system in real magnetic cardiac signal measurement.

To evaluate the practical performance of this MCG sys-
tem, the magnetic responses of single-resonance magne-
tometry and dual-resonance magnetometry are measured,
where the PL signals exhibit linear responses to the exter-
nal magnetic field in a near-resonant condition. This is
illustrated in Fig. 2(a). Meanwhile, Fig. 2(b) exhibits the
signal of modulated PL in varying magnetic field and
microwave frequency. The microwave signal transmitted
into the radiation structure consisted of two different N-V
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resonant frequencies, which were utilized to perform the
dual-resonance magnetometry. These two microwave sig-
nals, after being amplified, were combined and directed
into the diamond. The sinusoidal modulation signal of
the microwave was provided to the lock-in amplifier,
serving as the external oscillator for PL signal demodu-
lation. This configuration ensures precise synchronization
between the modulation of the microwave signals and the
detection process. The system also consisted of some aux-
iliary devices to perform MCG measurement. A pair of
saddlelike coils were wired in the shielding cylinder to
provide bias field and calibration waveform. The rat was
set on a three-axis motion stage for position adjustment,
which allows for a near approach to the diamond sensor.
Three ECG electrodes were attached to the right forelimb,
left forelimb, and left hindlimb of the rat. This arrange-
ment allows different skin potentials to be measured, and
thus the rat’s electrocardiogram could be recorded in this
lead-II configuration [45]. The ECG data was recorded by

the DAQ as a reference for the MCG measurement. The
MCG experiment was performed within a magnetic shield-
ing cylinder made from multilayer permalloy to suppress
the electromagnetic noise in lab environment. The mag-
netic cardiac waveform was accumulated to enhance the
signal-to-noise ratio.

III. RESULTS

A. MCG system calibration

Before the animal experiment, we first assessed the
background magnetic sensitivity of the magnetometer by
conducting measurements without the rat specimen. This
result is presented in Fig. 2(b), where we plotted the den-
sity noise spectrum of the demodulated PL signal under
both resonance and nonresonance situations by applying
Fourier transformation of the data. In the frequency range
related to the rat’s cardiac signal spectrum, which spans
from 10 to 200 Hz, the anticipated magnetic sensitivity is

MCG Measurement Position

(a) (b)

(c)

ECG Measurement Position

N-V Sensor
GND

(–)
(+)

FIG. 3. Results of the noninvasive MCG experiment on rat. (a) Cardiac waveform acquired by diamond-based MCG system. The
red line demonstrates the rat MCG waveform detected by the N-V diamond sensor, while the gray line represents the background
magnetic noise without the rat. The identified peak of typical Q, R, S, T waves are marked in the figure. The orange area demonstrates
the 15 ms QRS complex with amplitude approximately 21 pT in the rat MCG and the yellow area demonstrates the 53-ms T wave
with approximately 15 pT due to the repolarization of the ventricles. (b) Comparison of rat MCG waveform and ECG waveform. The
subplots with red lines represent the MCG waveforms acquired repeatedly in different experiments as in (a). And the green lines on
the right represent the concurrently acquired rat ECG waveforms, which show high conformity with the pertinent MCG waveforms.
(c) Schematic of the MCG and ECG measurement. The MCG signal and ECG signal were captured simultaneously in the experiment.
The left figure demonstrates the setup of N-V diamond sensor in the MCG experiment. The rat QRS complex in ECG waveform is
approximately 0.62 ± 0.7 mV. The diamond sensor clamped with the FCs was positioned right above the chest of the rat for 5 mm
from skin, 10 cm on the spinal line from its nose to its root of the tail. Meanwhile, as depicted in the right figure, the ECG signal
acquired by three electrode probes form the lead II configuration of ECG measurement.
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9 pT Hz−1/2. As depicted in Fig. 3(a), after applying the
accumulation method, the standard deviation of the back-
ground magnetic noise is about 1.6 pT. This result provides
a benchmark for the following animal experiment.

B. Rat MCG data acquisition

After the preparation of anesthetized rat, we positioned
it near the diamond sensor and performed the noninva-
sive MCG measurements on this experimental animal. The
ECG data were recorded in the lead-II configuration as
shown in Fig. 3(c). For each test, the rat MCG data was
acquired for about an hour and accumulated to enhance the
signal-to-noise ratio. The ECG and MCG data were con-
currently processed using a Butterworth band-pass filter,
ranging from 10 to 200 Hz. Additionally, a 50-Hz notch
filter was specifically applied to these data. This filtering
approach was performed to enhance the clarity and accu-
racy of the cardiac signal by excluding the noise out of
the frequency range of interest and mitigating unshielded
electromagnetic interference. After filtering, the peaks of
R wave of ECG waveforms was utilized as a trigger in
the signal accumulation process, where each peak of the
R wave was identified and marked by a threshold detec-
tion algorithm. Subsequently, we first selected the time
periods of equal length, which was chosen correspond-
ingly to the cardiac cycle of rat (approximately 0.2 s), and
centered these periods around the identified ECG peak
timestamps. We then accumulated the rat MCG data within
these selected time intervals to obtain the MCG signal.

A typical result of the accumulated MCG signal is
displayed in Fig. 3(a). This figure clearly reveals mag-
netic cardiac activity signals, including the QRS-wave
complex produced by ventricular depolarization and the
T-wave resulting from ventricular repolarization. Each of
the stages is marked in the figure. The obtained MCG
waveforms significantly surpass the background bench-
mark of 1.6 pT measured in the absence of the experiment
animal, and also demonstrates high consistency with the
averaged ECG waveform, which are indicated in the green
lines of the subplots in Fig. 3(b). The experiment was
repeated 3 times, yielding consistent results. The duration
of the QRS complex in the MCG waveform is approxi-
mately 17 ± 2 ms, with an amplitude around 20.9 ± 2.7
pT. The T-wave duration was approximately 41 ± 10 ms
with amplitudes close to 15.4 ± 0.7 pT. The ST segment,
representing the interval isoelectric period between depo-
larization and repolarization, have a time length of about
17 ± 4 ms. It is worth noting that the T wave not obvi-
ously observable in the lead-II ECG setup was successfully
detected by the diamond MCG sensor, demonstrating the
MCG method’s capability to utilize more comprehensive
information in cardiac activity monitoring. These results
clearly showcased the capability to perform noninvasive

MCG measurement with a diamond magnetometer, pro-
viding an alternative solution to clinical MCG application
with this solid-state quantum sensor.

This work demonstrates an instance of noninvasive
MCG measurement using a diamond N-V magnetome-
ter. The improved sensor performance achieved through
sensitivity-enhancing techniques has eliminated the need
for destructive thoracotomy surgery, which was previously
required to shorten the distance from the source [48].
Figure 4 presents a comparison of various magnetometers
in existing works based on sensor scale and measure-
ment sensitivity. This advancement marks the milestone in
biological application of this solid-state quantum sensor,
extending its scope from conventional role as a nanoscale
spin sensor in microscopic imaging to a groundbreaking
application in the practical realm of noncontact, noninva-
sive magnetic cardiac measurements for clinical purposes
[29,49,50]. Given that the human MCG signal is much
stronger in signal intensity and larger in source scale than
the rat [44,51], the successful rat experiment in this work

(Theoretical)

This Work

[42]

SQUID N-V Diamond Atomic Fluxgate TMR

[46]

[52]

[53]

Biomagnetic Diamond Sensor

Biomagnetic Application

Nonbiomagnetic Application

[37]

[48]

[34]

[32]

[36]

[47]

[17]

[18]

[19]

[12][26]

FIG. 4. A comparative demonstration of different magnetome-
ters by scale and sensitivity [48,52,53], each type of sensor are
denoted by different symbols. The work related to biomagnetic
measurements are depicted in solid lines, while the unrelated
works are marked with dotted lines. Among all these sensors,
the diamond N-V center is notable for its high spatial resolution
and high theoretical potential in full-vector magnetometry for
millimeter-scale MCG [26,36,37,46]. The blue dotted line rep-
resents the sensitivity of diamond N-V magnetometers applied
in biomagnetic measurements. One of the highest resolution
MCG system was developed for mice cardiac measurement [47],
but the minimum detection range limited by dewar thickness
restricted the application of SQUID in submillimeter-scale bio-
magnetic measurement [12]. This work extends the application
realm of N-V diamond magnetometer in macroscopic living
animal level.
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provides substantial evidence supporting the feasibility of
applying this room-temperature quantum sensor in clinical
settings [1,11].

On the basis of this work, the performance of the ensem-
ble N-V center magnetometer could still be further opti-
mized for higher measurement efficiency in clinical MCG
application. The employment of cutting-edge technologies
in high-quality ensemble N-V diamond fabrication have
achieved the magnetometry sensitivity of 460 fT Hz−1/2,
which indicates a potentially higher performance than we
have achieved in this work [36]. For the magnetome-
try method we used, the estimated sensitivity could be
depicted as follows [28]:

η = δS
Gαγ Sv

√
2fENBW

.

From which the G is the amplification factor of the
magnetic flux concentrator, δS is the minimum detectable
signal in nonresonant condition, Sv is the maximum slope
of the first-order derivative cw-ODMR spectrum, γ is the
gyromagnetic ratio of the electron spin, fENBW is the equiv-
alent noise bandwidth of the system, and α is the angle
factor from the misalignment between external magnetic
field and the N-V center’s symmetry axis. By optimiz-
ing the configuration of the diamond-flux concentrator
and reducing electronic noise, we aim to further enhance
the measurement sensitivity based on the results of this
work. The simulation results are described in Fig. 6 in
Appendix D. Considering that G increases with the short-
ening of the gap width between the flux concentrators
within a certain range [42], a finite-element simulation was
conducted to establish the relationship between these two
factors in the current configuration. Additionally, consid-
ering the negative impact of this configuration change and
reduced air gap on the efficiency of fluorescence collection,
optical simulations were also performed for fluorescence
collection efficiency based on a uniform excitation and
point-source model. To augment the signal strength, the
simulations included a reflective coating on the clenching
face of the flux concentrator and an additional reflective
mirror for fluorescence reflection [54]. Also, polishing the
clamping surface of the flux concentrators could reduce
the magnetic inhomogeneity in the diamond and narrow
the ODMR spectrum’s line shape, thereby increasing the
magnetometry sensitivity by improving the cw-ODMR
slope Sv [55]. In the preliminary simulations presented in
Appendix D, we observed promising total prospects for
sensitivity enhancement in our system. Specifically, by
reducing the gap width and optimizing the PL collection
scheme, we anticipate a threefold increase in sensitiv-
ity. Additionally, a 3.5-fold enhancement in sensitivity is
expected from the reduction of background noise. These
improvements, as evidenced by our simulations, hold sig-
nificant potential for advancing the performance of our

system. As a result, we may anticipate a subpicotesla level
magnetic sensitivity by applying optimization methods.

This research implies a widespread practical application
MCG based on diamond N-V centers in clinical settings.
Also, it lays the groundwork for future explorations in bio-
magnetic measurement using quantum sensors. Traditional
MCG maps are constrained by intrinsic sensor limitations,
which are usually in the form of single-axis or scalar mea-
surements [18,56,57]. These conventional methods also
grappled with constraints in sensor size, resolution, and
minimum detectable distance, restricting the spatial inter-
vals of MCG sampling positions at a level of a few
millimeters [47], leaving the unknown scale lower than
that to explore. However, the diamond crystal structure of
the N-V center allows a small-sized single diamond sen-
sor to perform precise full-vector magnetic measurements
[19,37]. Together with this advantage, the N-V center also
stands out with its high-resolution capability, functioning
as an sensitive magnetometer at the submillimeter scale,
which was attempted in previous work [48]. This capabil-
ity could be utilized to generate high-resolution full-vector
biomagnetic maps at submillimeter scale—a realm rarely
attained previously. With complete magnetic information
of cardiac activity accessible, the limitations of current
MCG maps might be overcome, facilitating more spe-
cific applications, such as precise localization and inver-
sion [58], biomagnetic mechanism modeling [59–61], and
the potential higher diagnostic performance based on the
full-information MCG data [62,63].

In conclusion, we successfully presented a MCG system
based on ensemble N-V centers in diamond. An instance
of noninvasive MCG measurement on living animal using
N-V centers was successfully performed using this
diamond-based MCG system. Furthermore, a prospective
analysis of diamond N-V magnetometer’s potential in the
field of biomagnetic sensing was conducted to discuss the
future development of this quantum sensor. This work
marks a meaningful milestone for diamond-based MCG
system in both clinical setting and biomagnetic research.
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APPENDIX A: MICROWAVE AND
ELECTRONICAL ACQUISITION SYSTEM

The microwave system consists of two FSW-0010
sources, which generate the microwave signal at two dif-
ferent N-V resonant frequencies to perform dual-resonance
magnetometry, as depicted in Fig. 5. A double split-ring
structure was fabricated to apply the microwave field to the
diamond [43]. The two microwave outputs are modulated
by the same optimized frequency of 21637 Hz with a π

phase shift produced by a signal generator Rigol DG-812,
so that the demodulated PL signal from |ms = +1〉 and

|ms = −1〉 states could reserve the common-mode mag-
netic signal and eliminate the anti-common-mode temper-
ature signal. This dual-resonance magnetometry method
was deployed to simultaneously manipulate the electron-
spin resonant levels |ms = +1〉 and |ms = −1〉 in exter-
nal magnetic field, effectively minimizing the impact of
temperature shift and improving the readout contrast for
magnetic field [42].

In the development of the electronic acquisition sys-
tem, we employed a phase-locked loop readout technique
based on the microwave frequency modulation method,
which could effectively avoid the 1/f electronic noise. The
microwave-modulated PL signal and reference laser signal
are separately converted into photocurrent with two silicon
photodiodes, and demodulated with a two-channel lock-in
amplifier HF2LI. The magnetic-field-dependent PL signal
acquired by the lock-in amplifier.

APPENDIX B: OPTICAL SYSTEM

The optical system comprises of a laser excitation mod-
ule and a fluorescence collection module, as depicted in

N-V Diamond

532-nm Laser

FIG. 5. Setup diagram of the diamond-based MCG system. The system consisted of three primary modules. The first was a
microwave module that generates the microwave signal to manipulate the N-V spins in diamond via the dual-resonance method.
The second was an optical and sensing module tasked with exciting the N-V centers and collecting the PL emitted from them, together
with auxiliary electrodes for ECG measurement. The third was an electrical readout module to capture and synchronize both the MCG
signal and ECG signal. Two home-built trans-impedance amplifiers (TIA) were employed to extract and amplify the ac fluorescence
photocurrent by a factor of 2000 V/A.

064028-8



NONINVASIVE MAGNETOCARDIOGRAPHY. . . PHYS. REV. APPLIED 21, 064028 (2024)

the Fig. 5. A Cobolt-Samba-1500-532 nm laser with output
power 1.5 W is used to generate the green light and excite
the N-V centers in diamond. The laser is sampled by a
polarized beam splitter (CCM1-PBS251/M), which allows
the laser’s reference photoelectric signal to be acquired
by the lock-in amplifier to cancel the laser power fluctu-
ation. The laser beam was adjusted by several reflectors
and focused with a spherical lens with focal length f = 20
mm (LA1074) to achieve maximum laser power density
in diamond. An N-V diamond was fabricated as the sensor
of this system, it is type-Ib, CVD-grown, [100] cut, mea-
suring 1 mm × 1 mm × 0.12 mm, with an N-V density of
approximately 0.3 ppm. The angle between the magnetic
flux concentrator’s orientation and the N-V symmetry axis
is 54.7◦. The red PL emitted from the N-V centers in dia-
mond is filtered by a long-pass filter (LPF-JGS1-12.7-650-
300-625-675-1200) and collected by a PD. To enhance
the sensitivity of the diamond magnetometer, a pair of
magnetic flux concentrators made from high magnetic per-
meability materials (1J85) was adopted to improve the
sensitivity of the MCG system. The geometrics of the flux
concentrators was evaluated to balance the cardiac signal’s
attenuation with distance and the amplification factor of
the flux concentrators.

APPENDIX C: LIVING RAT SPECIMEN
TREATMENT

The animal experiment was approved by the Insti-
tutional Animal Care and Use Committee of the
University of Science and Technology of China (UST-
CACUC26120223022). In the animal experiment, the
treatment process of the 313.5g living female rat is as
followed. The rat underwent initial anesthesia by admin-
istering isoflurane. After the rat specimen fell into an
unconscious state, an intraperitoneal injection of 20% ure-
thane with 2.5-ml dose for deeper anesthesia. 10 min after
the injection, the rat was adequately anesthetized and the
installation process was performed. The rat was set on a
multiaxis translation stage, which enabled a precise posi-
tioning from the N-V diamond sensor in MCG measure-
ment. A custom-made acrylic fixing plate was designed
and used for rat fixing and positioning.

During the experiment, the diamond magnetometer was
positioned directly above the rat’s chest with about 5-mm
air gap, with the magnetic sensitive axis of the diamond
sensor aligned perpendicular to the plane of the rat chest.
The duration of anesthesia was 12 h after the intraperi-
toneal injection. Three electrodes was fixed at the rat’s
body surface to record the ECG signal with the lead-II con-
figuration, so that the MCG data and the ECG data could be
compared in data analysis [45]. During the experiment, the
heart rate of the rat was from 6.3 to 7.9 Hz, corresponding
to the speculated rat heart rate [38].

APPENDIX D: OPTIMIZATION SIMULATION

Simulation of the potential sensitivity enhancement is
shown in Fig. 6. The simulation was performed on the
current system structure, where a diamond was clamped
by two magnetic flux concentrators. In the assumptions
required for the simulation of fluorescence collection effi-
ciency, the excitation area in the diamond is considered as a
uniform cylinder with a diameter of 40 µm. A series of uni-
formly spaced point-light sources with a 360◦ divergence
angle are used to simulate the behavior of color centers.
In the optimized simulation scheme, an additional mirror
is placed perpendicular to the direction of laser incidence,
and the sides of the magnetic flux concentrator are polished
to an equivalent reflectivity of 0.8. For the simulation to
evaluate the amplification factor of the magnetic flux con-
centration, the material’s relative magnetic permeability is
set to 40 000. A uniform magnetic field is applied along
the symmetry axis of the flux concentrators within a finite
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FIG. 6. Simulation of the potential sensitivity enhancement.
This figure demonstrates the relationship between diamond
thickness’s relationship, PL collection efficiency and magnetic
flux concentrator’s amplification factor G. The blue line graph-
ically denotes the expected sensitivity enhancement from sim-
ulation, while the green and red lines represent G and the PL
collection efficiency, respectively. Here the sensitivity enhance-
ment is directly proportional to G and relates to the square root
of the phonon number

√
N . The current system parameters are

indicated in the graph by the inverted triangles. To augment the
signal strength, the simulations included a reflective coating on
the clenching face of the flux concentrator and an additional
reflective mirror for fluorescence reflection [28,55]. The best
expected enhancement about threefold is achieved at 40-µm gap
width, where the magnetic amplification factor G ≈ 120 and the
fluorescence collection efficiency approximately equal to 1.5%.
Combining the 280% improvement from the system optimization
and the 350% potential improvement from the background noise
reduction (2.6 pT/Hz −1/2), we anticipate an approximate tenfold
enhancement in magnetometry sensitivity based on the system’s
current performance.
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domain to conduct finite-element static magnetism simu-
lations, and the amplification factor of the magnetic flux
concentration effect is calculated based on this background
uniform magnetic field.
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