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Abstract
With advancements in thin-film deposition, nanofabrication, and material
characterization techniques, quantum devices leveraging nanoscale quantum
phenomena have emerged across various fields, including quantum computing,
sensing, communication, and metrology. Among these, quantum sensing
harnesses the unique properties of quantum systems to achieve highly sensitive
and precise measurements of physical quantities such as magnetic and electric
fields, temperature, pressure, and even biological events. In this perspective, we
highlight some popular magnetic quantum sensors used for magnetic sensing and
imaging, and emerging spintronic quantum sensors that exploit the quantum
mechanical properties of electron spin for similar applications. Most of the
techniques discussed remain in lab-based stages, with limited preliminary data
reported. However, the authors believe that, with continued progress in
spintronics, these nano- and micro-scale spintronic devices—offering superior
and unique magnetic quantum properties—could open new horizons in
biomedical applications, including single-cell and single-molecule detection,
large-scale protein profiling, sub-micrometer resolution medical imaging, and
beyond.

Keywords: quantum sensor, spintronics, magnetic sensor, magnetic imaging,
biomedical application

1. Introduction

In December 2023, the US National Institutes of Health (NIH) announced ‘Notice
of Special Interest (NOSI): Quantum Sensing Technologies in Biomedical
Applications’ [1], expressing a special research interest that advances quantum
sensing toward biomedical applications. Quantum sensors rely on quantum
phenomena to detect subtle changes in the physical properties of their
surrounding environment. Operating at the nanoscale, these sensors exploit
principles such as superposition, entanglement, and tunneling, enabling them to
achieve exceptional precision in detecting minute environmental changes. They
can potentially realize single molecules or single cells detection for bioassays and
nanometer-scale resolution for medical imaging, revolutionizing the next
generation of healthcare. To date, different types of quantum sensors that are
based on different quantum principles have been tailored for different biomedical
applications [2, 3]. A variety of quantum sensors have been researched, and some
have even reached clinical stages. For medical imaging, examples of quantum
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sensors include magnetic resonance imaging (MRI), superconducting quantum
interference device (SQUID), positron emission tomography (PET), single photon
emission CT (SPECT), etc. For high-sensitivity bioassays, examples of quantum
sensors include chip-based magnetoresistive (MR) biosensors, chip-based nuclear
magnetic resonance (NMR) biosensors, portable nanodiamonds containing
nitrogen-vacancy (NV) biosensors, quantum dots (QDs), etc.

In this perspective, we focus on the emerging class of magnetic quantum
sensors for biomedical applications. In section 2, we categorize different sensor
types based on their usage and further classify magnetic biosensors based on the
target signal, such as label-based and label-free approaches, followed by an
introduction to magnetic quantum sensors. In section 3, we highlight some
common types of magnetic quantum sensors, including SQUIDs, MRI, optically
pumped magnetometers (OPMs), NV magnetometers, and QDs. Some of these
magnetic quantum sensors are already employed in clinical applications. For
instance, in neuroimaging, SQUIDs are used in magnetoencephalography (MEG)
to enable highly sensitive detection of weak magnetic fields generated by
neuronal activity, facilitating real-time brain imaging with high spatial and
temporal resolution. This technology enhances our understanding of brain
function and assists in diagnosing and monitoring neurological disorders. In
cardiac imaging, SQUIDs are used in magnetocardiography (MCG) to map the
magnetic fields produced by the heart’s electrical activity, aiding in the diagnosis
of cardiac conditions by providing detailed heart rhythm and abnormality
imaging. In section 4, we provide an outlook on spintronic devices, which are
emerging quantum sensors for magnetic sensing. These range from mature
devices like MR sensors to lab-stage devices such as spin-torque oscillators
(STOs), spin-Hall oscillators (SHOs), 2D van der Waals (vdW) magnets, and
skyrmions. We analyze the current development status of these spintronic devices
as next-generation magnetic quantum sensors and discuss the steps needed to
bring them into clinical use.

2. Targeted biomedical applications

2.1. Different types of sensors according to usage

Sensors have a broad range of applications in the biomedical field, significantly
impacting diagnostics, treatment, and patient monitoring. Wearable sensors are
non-invasive devices worn externally, such as on the skin, wrist, or clothing, to
monitor physiological parameters like heart rate and activity. The sports bracelet
products in the market are an example of wearable sensors. They provide
real-time data, are easy to use, and are particularly suited for continuous
monitoring in everyday settings, making them ideal for managing chronic
conditions and enhancing health monitoring without disrupting the user’s daily
life. Implantable sensors, in contrast, are invasive devices surgically placed inside
the body to provide long-term, in vivo monitoring of internal conditions. Glucose
sensors and pacemakers are representative examples. Implantable sensors offer
high precision and are better suited for applications requiring localized
measurements or continuous data from internal organs. Portable sensors, also
known as point-of-care devices, provide rapid, on-site testing for infectious
diseases, metabolic disorders, cancers, etc. Their portability makes them
especially valuable in remote or underserved areas where access to centralized
healthcare facilities is limited. Bulky system sensors, typically found in hospitals
and clinics, are designed for advanced diagnostics, monitoring, and treatment.
These systems often incorporate highly sensitive and precise sensors integrated
into sophisticated medical equipment, such as MRI and CT scanners. They can
capture detailed physiological and anatomical data, making them indispensable
for diagnosing complex conditions and guiding treatment decisions. Unlike
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portable or wearable sensors, these systems require specialized environments,
including controlled settings (e.g. cryogenic, magnetic shielding, etc) and trained
personnel, to operate effectively. Their bulkiness often results from the need for
high-resolution imaging, powerful data processing capabilities, and robust
hardware for long-term reliability. While they offer unparalleled accuracy and
comprehensive insights, their size and operational complexity limit their use in
clinical settings.

2.2. Magnetic sensors for biomedical applications

In the area of biological sensors, i.e. biosensors, sensors can be categorized based
on the target signal they are designed to detect: (1) electrochemical biosensors
(e.g. glucose sensors, cholesterol sensors), (2) optical biosensors (e.g. surface
plasmon resonance sensors, fluorescence-based sensors), and (3) magnetic
biosensors (e.g. MRI scanner, MR biosensors). Because biological entities and
tissues are typically diamagnetic or paramagnetic, they generate negligible
magnetic signals compared to the strong signals produced by magnetic tags or
biological events-caused magnetic fields. Magnetic tags, commonly made of iron
oxide nano-/micro-particles, offer several advantages, including high
biocompatibility, stability in harsh environments, and resistance to optical
bleaching (unlike fluorescent tags). These properties make magnetic biosensors
highly sensitive and robust, making them ideal for various biomedical
applications [4].

Magnetic biosensing can be categorized into two approaches based on the
detection mechanism: label-based and label-free. The label-based approach is
commonly used for detecting non-magnetic biomarkers (e.g. proteins, nucleic
acids, and cells) in disease diagnosis. In this method, biomarkers are specifically
labeled with magnetic tags, enabling quantitative sensing. The binding events
(e.g. antibody–antigen, DNA–DNA, DNA–protein interactions) cause the
magnetic tags to produce detectable magnetic signals to the magnetic biosensor,
providing a readable signal that indicates the quantitative results.

Label-free magnetic sensing detects targets directly without the need for
magnetic tags, by measuring changes in the magnetic properties or signals
associated with the target. Medical imaging techniques, such as MEG, MCG, and
magnetomyography (MMG), are examples of label-free magnetic sensing. MEG
detects the magnetic fields generated by neuronal activity, typically ranging from
picotesla (pT) to nanotesla (nT), with frequencies spanning 0.5–100 Hz. These
signals enable real-time studies of brain activity. MCG measures the magnetic
fields produced by cardiac activity throughout the cardiac cycle. Although cardiac
magnetic fields (10–100 pT) are stronger than those generated by neurons, they
remain weak compared to the Earth’s magnetic field (∼50 µT). These fields, with
frequencies from 0.5 Hz to 20 Hz, reflect key components of the cardiac cycle,
such as the P-wave (atrial depolarization), QRS complex (ventricular
depolarization), and T-wave (ventricular repolarization). MMG measures the
magnetic fields generated by the electrical activity of muscles during contraction,
resulting from ionic currents associated with action potentials traveling along
muscle fibers. These fields typically range from femtotesla (fT) to pT, with
frequencies between 5 Hz and 300 Hz.

2.3. Magnetic quantum sensors

Magnetic quantum sensors are advanced devices that utilize quantum mechanical
principles to achieve ultra-sensitive detection of magnetic fields and magnetic
tag-labeled biomarkers. These sensors are particularly promising in biomedical
imaging due to their ability to detect ultra-low bio-magnetic fields with high
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spatial and temporal resolution. However, there is a significant gap in translating
these quantum sensors for practical biomedical applications.

For example, to enable in vitro magnetic biosensing, magnetic quantum
sensors must undergo surface chemical modification to functionalize them for
specific binding of biomarkers. This involves coating the sensor surface with
biocompatible and functional molecules, such as antibodies, peptides, or
aptamers, which selectively bind to target proteins, nucleic acids, or pathogens.
Surface modification methods are crucial to transforming the sensors into
functional biosensors while maintaining their quantum properties and sensitivity.
In section 4.1, we will showcase some successful examples of transforming MR
sensors into functionalized biosensors for in vitro bioassay applications.

For wearable applications, additional engineering adaptations are critical to
addressing the inherent limitations of magnetic quantum sensors. Some existing
sensors, such as SQUIDs and MRI systems, are unsuitable for wearable use in
non-magnetically shielded environments. SQUIDs rely on cryogenic cooling and
require highly shielded environments to achieve their ultra-high sensitivity,
making them bulky and impractical for integration into wearable platforms.
Similarly, MRI systems depend on large superconducting magnets, which are
neither portable nor adaptable to wearable formats. In contrast, quantum sensors
like OPMs [5, 6] offer greater potential for wearable applications due to their
ability to operate at room temperature and in environments with less stringent
magnetic shielding. Despite this advantage, these sensors still demand significant
engineering improvements to enable compatibility with flexible, biocompatible
substrates that can conform to the human body while ensuring stable and reliable
performance. Emerging spintronic magnetic quantum sensors, such as MR
sensors, are also being actively explored for fully flexible, wireless, and compact
designs that enable real-time MCG and MEG measurements [7, 8]. Addressing
key challenges like reducing power consumption, mitigating electromagnetic
interference, and improving signal processing algorithms is essential for
advancing these wearable sensors.

Although less commonly seen in quantum sensors, if used in implantable
applications, additional considerations are necessary to ensure that sensors
function reliably within the complex biochemical and mechanical environment of
the human body. These quantum sensors must be designed to operate stably over
extended periods while being biocompatible and minimally invasive. Flexible and
miniaturized designs are critical for conforming to tissue surfaces or embedding
within specific organ structures, such as the brain or heart, without causing
significant discomfort or damage [9, 10]. Furthermore, low power consumption
and wireless data transmission capabilities are essential to reduce heat generation
and the need for invasive wires, enhancing the practicality of these quantum
devices for long-term implantation.

For both in vitro and in vivo applications, an appropriate sensor encapsulation
step is required to isolate these quantum sensors from the biological environment
[11, 12]. This encapsulation serves several purposes: (1) it protects the sensors
from corrosion or degradation caused by exposure to biological fluids, (2) it
prevents potential adverse interactions, such as immune responses or tissue
inflammation, (3) it ensures mechanical stability by safeguarding the sensor from
stresses induced by bodily movements or tissue interactions, and (4) it provides a
platform for functionalizing the sensor surface with biorecognition elements,
enabling selective binding of biomarkers for biosensing applications. Common
encapsulation materials, such as polyimide, parylene C, and ultrathin oxide films,
can achieve these objectives while maintaining the sensitivity of the sensor to
target signals.

Lastly, the integration of a robust signal recording and filtering system is
crucial for ensuring accurate data collection and the successful application of
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magnetic quantum sensors in biomedical settings. In non-magnetically shielded
environments, environmental noise can substantially impair sensor performance,
necessitating advanced noise suppression techniques. Additionally, artifacts
caused by mechanical movements of the subject, such as muscle contractions or
shifts in sensor placement, can introduce random noise that affects the reliability
of the measurements. To address these challenges, advanced signal processing
techniques, including noise cancellation algorithms, adaptive filtering, and
machine learning-based artifact removal, should be implemented. Additionally,
the integration of reference sensors to measure and subtract environmental noise
in real-time can further improve signal fidelity. These measures will be critical to
ensuring that magnetic quantum sensors deliver reliable and clinically meaningful
data for biomedical applications.

3. Current magnetic quantum sensors

3.1. SQUID

SQUID, a highly sensitive magnetic field sensor, consists of a superconducting
loop interrupted by one (RF SQUID) or two (DC SQUID) Josephson junctions, as
shown in figure 1(a) for a DC SQUID. A Josephson junction is a thin insulating
layer between two superconducting materials that allows quantum tunneling of
cooper pairs (pairs of electrons in a superconducting state). SQUID detects
changes in magnetic flux by converting them into a measurable voltage,
leveraging quantum interference within the superconducting loop to achieve
remarkable sensitivity. The magnetic flux threading the loop is quantized, and an
external magnetic field induces a screening current to maintain this quantization.
This changes the phase difference across the junctions, modulating the
supercurrent in the loop. When a bias current is applied, the voltage across the
junctions oscillates periodically with the magnetic flux, with a period equal to the
magnetic flux quantum. This enables precise detection of ultra-weak magnetic
fields down to the fT/sqrt (Hz) range [13–15]. DC SQUIDs, with their superior
sensitivity, are widely used in biomedical applications such as MCG and MEG
[16]. In contrast, RF SQUIDs, with a single junction, are simpler but less
sensitive and suitable for less demanding applications.

Despite their extraordinary sensitivity, SQUIDs have limitations. Their
operation requires superconducting materials, which necessitate cryogenic
conditions maintained by liquid helium or advanced cooling systems. This
requirement imposes constraints on portability and increases the cost and
complexity of the setup, making SQUIDs less practical for certain applications.
To address this limitation, research is focused on developing high-temperature
superconducting materials that can operate at more accessible temperatures,
reducing the reliance on cryogenic cooling [20]. Additionally, advancements in
miniaturization and integration of cooling systems may help reduce the
complexity and cost of SQUID setups, improving their portability and practicality
for a wider range of applications.

3.2. MRI

MRI is another non-invasive medical imaging modality that works on the
principle of NMR [21]. Where hydrogen protons of water in the body are exposed
to a strong static magnetic field, causing their macro-spins to align with the field.
When an RF pulse is applied, these macro-spins are knocked out of alignment. As
the protons’ macro-spins relax back to their original alignment, the changes in the
magnetic field are detected to form an image. The relaxation process occurs via
two processes: T1 (longitudinal) and T2 (transverse). T1-weighted images
highlight tissues with high-fat content, while T2-weighted images better visualize
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Figure 1. Working principles of (a) Josephson junctions in SQUID and (b) OPM. (a) Reproduced
from [17]. CC BY 4.0. (b) Reproduced from [18]. CC BY 4.0. The (c) flexible cap and (d) rigid
helmet OPM-MEG systems. Both helmets contain push-fit clips to house the 2nd generation
QuSpin OPMs. Reproduced from [19]. CC BY 4.0.

fluid, like water, within tissues, allowing for differentiation between normal
anatomy and abnormalities like inflammation or tumors based on their fluid
content. Magnetic tags are often used as contrast enhancers in MRI to improve
the imaging. Where these magnetic tags create localized magnetic field
inhomogeneities that affect the relaxation times of surrounding water protons,
leading to changes in signal intensity during MRI. This improves the contrast
between different tissues, making it easier to detect abnormalities such as tumors
or inflammation. MRI and contrast-enhanced MRI have been extensively studied
regarding working principles and clinical applications [22, 23], this Perspective
will not elaborate on this.

While MRI is a powerful non-invasive medical imaging modality, it faces
several technical challenges for its widespread use. One of the key challenges is
the need for strong static magnetic fields, typically generated by superconducting
magnets, which require cryogenic cooling. This imposes significant operational
costs and limits the portability and accessibility of MRI systems. Researchers are
exploring the development of high-temperature superconducting materials that
can operate at more manageable temperatures, thus reducing the reliance on
cryogenic cooling and lowering costs. Another challenge is the limited spatial
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resolution at lower magnetic field strengths, which can hinder the detection of
small-scale abnormalities. Higher field strengths, such as 3 T or more, provide
better resolution but increase the cost and cooling requirements. In response,
advancements in magnet design and the development of more efficient
superconducting magnets are being pursued to improve both resolution and
cost-effectiveness [24, 25]. Additionally, MRI systems are highly sensitive to
magnetic field inhomogeneities, which can reduce image quality, especially in
regions with high susceptibility to artifacts. This can be addressed by employing
advanced magnetic field shimming techniques [26, 27] to ensure a more
homogeneous magnetic field, thereby improving image quality. Lastly, the need
for magnetic contrast agents, to enhance imaging further introduces complexity
and risks related to biocompatibility. Continued research on biocompatible,
targeted magnetic nanoparticles is crucial for overcoming these hurdles and
improving the effectiveness of MRI in clinical practice.

3.3. OPM

OPM measures magnetic fields by exploiting the quantum properties of polarized
atomic spins, typically in alkali or noble gases. As shown in figure 1(b), in OPM,
a laser tuned to a specific wavelength (resonant with the atomic transition)
optically pumps the atoms into a specific quantum state, and their interaction with
an external magnetic field causes spin precession at the Larmor frequency, which
is proportional to the magnetic field strength. This precession modifies the
polarization of a second probe beam passing through the gas, which is then used
to measure the Larmor frequency and magnetic field strength. OPMs are compact,
operate at room temperature, and achieve exceptional sensitivity, detecting
magnetic fields as weak as ∼fT/sqrt(Hz) [28–30]. They are used in biomedical
applications such as MCG, MEG, and MMG [5]. Miniaturized OPMs have also
been reported [29, 31]. Commercial products of OPM for MEG are already
available at suppliers such as Brainbox Ltd.

Numerous clinical applications of OPMs for wearable MEG recording have
been demonstrated in recent years [18, 19, 32–34]. For instance, Hill et al
developed two wearable OPM mounting methods for MEG recording: a flexible
cap (figures 1(c)) and a rigid helmet (figure 1(d)) [19]. While both designs enable
high-quality data acquisition, the authors highlight the rigid helmet as the more
robust option, offering significant advantages for reconstructing field data into 3D
images of neuronal current changes. Through repeated measurements in two
participants, they demonstrated the device’s reliability in signal detection.
Additionally, using source-space modeling, the study revealed that, despite
utilizing five times fewer sensors, their OPM-MEG system achieves performance
comparable to a traditional cryogenic SQUID-MEG device.

A major issue of OPM is the sensitivity to environmental noise, which can
compromise their accuracy. This necessitates the use of magnetically shielded
environments, which adds cost and limits portability. To address this, active noise
cancellation and advanced signal processing algorithms are being developed to
improve signal extraction in noisy environments [35, 36]. Additionally, the
performance of OPMs can be affected by temperature fluctuations, which impact
the stability of the atomic gas and the laser system. Thermal stabilization
techniques can mitigate these effects. When integrating OPMs with biological
systems for applications like MEG, MCG, and MMG, where motion artifacts
from the subject can degrade measurements. The development of wearable OPMs
[6, 37] with motion correction algorithms is a promising solution. Furthermore,
miniaturizing OPMs while maintaining their sensitivity requires advancements in
microfabrication techniques and compact optical components. Continued
research and engineering innovations are critical to overcoming these challenges
and unlocking the full potential of OPMs in biomedical applications.
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Figure 2. (a) Working principles of NV magnetometer. Reproduced with permission from
[38]. © 2021 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH.
CC BY-NC-ND 4.0 (b) ODMR spectrum of a single NV center, enabling the determination of the
magnetic field along the NV axis. (c) ODMR spectrum of an ensemble of NV centers with the
magnetic field applied along an arbitrary direction, revealing four distinct B-field projections on
different NV axes. By analyzing such spectra, the full B-field vector can be reconstructed.
Reproduced from [39], with permission from Springer Nature.

3.4. NV magnetometers

NV magnetometers operate based on the unique quantum properties of NV
centers, atomic-scale defects in diamonds consisting of a nitrogen atom adjacent
to a lattice vacancy. These centers have electronic spin states (|ms = 0⟩ and
|ms = ±1⟩) that are highly sensitive to magnetic fields. As shown in figure 2(a),
the NV center is optically initialized into the |ms = 0⟩ state using a 532 nm laser,
and fluorescence intensity is used to read out the spin state. When exposed to a
magnetic field, the |ms = ±1⟩ states undergo Zeeman splitting, where the energy
levels shift in proportion to the magnetic field strength (see figure 2(b)). By
applying microwave radiation near the NV center’s resonance frequency induces
transitions between the |ms = 0⟩ and |ms = ±1⟩ states, with the resonance
frequency depending on the local magnetic field. Using optically detected
magnetic resonance (ODMR) spectroscopy, the magnetic field strength is
determined by monitoring fluorescence changes as the microwave frequency is
varied, enabling nanoscale imaging (see figures 2(b) and (c)). For NV
magnetometers, it is crucial that when conducting measurements in the presence
of a magnetic field greater than a few mT, the field is aligned with the axis of the
NV centers. This alignment is essential because transverse magnetic fields can
cause quenching of the NV fluorescence and a loss of ODMR contrast, which
would compromise the accuracy of the measurements.

Single NV centers typically achieve sensitivities around ∼µT/sqrt(Hz), and
ensembles of NV centers can enhance sensitivity to ∼pT/sqrt(Hz) due to the
collective signal averaging effect [40]. This exceptional sensitivity, combined
with room-temperature operation and nanoscale spatial resolution, makes NV
magnetometers ideal for biomedical applications such as neuronal activity
imaging, molecular-level imaging, and other precision magnetic field
measurements. In addition, the NV magnetometers are robust and can function in
a wide range of temperatures, from cryogenic up to hundreds of degrees Celsius
(limited by the stability of the diamond and electronic components). Portable NV
magnetometers are also reported by some labs [38, 41] and are commercially
available by suppliers such as Qnami. In addition to magnetic field sensing, NV
centers in diamonds are used for a variety of applications due to their sensitivity
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to different physical properties. They can detect electric fields [42, 43], measure
temperature [44, 45], and function as high-resolution sensors for biochemical
interactions [46, 47]. NV centers also serve as qubits in quantum computing
[48, 49].

While NV magnetometers offer exceptional properties, their application in
biomedical sensing and imaging faces several technical challenges. One
significant limitation is the requirement for precise alignment between the NV
center’s axis and the magnetic field, as misalignment can reduce sensitivity and
accuracy [50, 51]. Solutions to this issue involve improving system designs to
allow for easier alignment and employing advanced calibration techniques.
Additionally, in biological environments, the presence of noise from surrounding
magnetic fields and the need for efficient signal extraction in complex,
heterogeneous samples can further complicate measurements. Techniques such as
shielding, noise reduction, and advanced signal processing can be implemented to
mitigate the noise issue. Furthermore, to facilitate integration with biological
systems, innovations in sample preparation, as well as better control of
environmental conditions, are needed to maintain both the stability of the NV
centers and the biological specimens. Implementing these solutions will help
maximize the potential of NV magnetometers for practical biomedical
applications.

3.5. QDs

QDs are nanoscale semiconductor particles that exhibit unique optical and
electronic properties due to the phenomenon of ‘quantum confinement’. They are
excellent fluorophores in biosensing due to their extraordinary optical properties.
By surface functionalizing QDs with biomolecules (e.g. antibodies, aptamers, or
peptides), they can selectively bind to proteins, DNA, or pathogens. When excited
by light, QDs emit fluorescence, with the wavelength determined by their size and
composition. This allows multiplexed detection of multiple targets in a single
assay, enabling highly sensitive and specific disease diagnostics.

QDs are often combined with magnetic nanoparticles in biosensors to label and
detect targets. This dual functionality—fluorescence for imaging and magnetic
properties for separation—is particularly valuable in biomedical applications
[52]. The fluorescent signal and magnetic signal of hybrid magnetic QDs are also
exploited for multi-modal imaging [53]. The role of QDs in sensors is not limited
to simple fluorescent tags for bioassays, it also extends to intrinsic sensors that
utilize the inherent photophysical response of QDs to fluctuations in temperature,
magnetic/electric fields, or ion concentration [54]. For example, graphene QDs
(GQDs) can function as intrinsic magnetic field sensors by exploiting their
spin-dependent optical properties and the Zeeman effect, which shifts their
energy levels in response to an external magnetic field. These shifts can alter the
photoluminescence spectra, making GQDs capable of detecting magnetic fields at
the nanoscale. Recently, Ge et al reported giant orbital magnetic moments and the
paramagnetic energy shifts linked to the interaction between magnetic fields and
GQDs [55]. Although their work does not explicitly develop QDs as magnetic
field sensors, it provides the foundational understanding of their magnetic
behavior, supporting their potential application as magnetometers. Future
research could build on these findings to design QD-based magnetometers for
detecting weak bio-magnetic fields for medical imaging.

When it comes to practical biomedical applications, the potential toxicity,
often due to heavy metals like cadmium, limits the clinical use of QDs. This is
being addressed by developing non-toxic alternatives such as graphene QDs and
silicon QDs [56, 57]. Stability in biological environments is another issue, as QDs
can degrade or aggregate, affecting their fluorescence. Surface coatings like
polyethylene glycol (PEG) improve stability and biocompatibility [58]. Target
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Table 1. Comparison of different magnetic quantum sensors for biomedical applications.

Sensitivity Cost Cryogenic System Current applications

SQUID fT/sqrt(Hz) High Yes Bulky Medical imaging (Commercial)
MRI — High Yes Bulky Medical imaging (Commercial)
NMR — Low No Portable Bioassays (Commercial)
OPM fT/sqrt(Hz) Low No Portable Medical imaging (Commercial)
NV magneto-
meter

pT/sqrt(Hz) Low No Portable Magnetic sensing (Lab stage)

QD-based
Magnetometer

NA Low No Nanoparticle Magnetic sensing (Lab stage)

specificity also depends on robust functionalization methods, with advances in
click chemistry enhancing binding precision. Photobleaching reduces signal
reliability but can be mitigated by core-shell structures or alloyed QDs.

Table 1 summarizes the sensitivity, cost, and operating conditions of current
magnetic quantum sensors. Researchers are actively developing
room-temperature quantum sensors to reduce operational costs and complexity,
particularly for biomedical applications. While cryogenic conditions are essential
for some types of quantum sensors, many others are designed to operate in
ambient or near-ambient environments, broadening their applicability.

4. Emerging spintronic magnetic quantum sensors

Since the first report of the tunnel magnetoresistance (TMR) effect in 1975 [59]
and the giant magnetoresistance (GMR) effect in 1988 [60, 61]. Spintronic
devices, which leverage the intrinsic spin property of electrons, have experienced
rapid growth over the past two decades. Spintronics uses the quantum mechanical
property of electron spin (i.e. ‘up’ or ‘down’ states) and its associated electron
charge. This dual functionality can lead to spintronic devices for high-speed
unconventional computing, low power consumption data processing/storage, high
data storage density, and great sensing performance [62–64]. The ongoing
discoveries of new spintronic phenomena such as spin-transfer torque (STT), spin
hall effect (SHE), spin-orbit torque (SOT), Rashba effect, Dzyaloshinskii–Moriya
interaction (DMI), spin Seebeck effect (SSE), chiral-induced spin selectivity
(CISS), etc., have unveiled more unique applications. In this section, we comment
on some promising spintronic devices as quantum sensors for biomedical
applications, specifically, magnetic sensing and imaging.

4.1. MR sensors

MR sensors are used to detect magnetic fields by monitoring changes in devices’
electrical resistances. They are widely used due to their high sensitivity, compact
size, and versatility. They are essential in various fields, including data storage,
biosensing, and navigation. Currently, there are three primary types of MR
sensors: anisotropic magnetoresistance (AMR), GMR, and magnetic tunnel
junctions (MTJs).

4.1.1. AMR sensors. AMR is a phenomenon where the electrical resistance of a
ferromagnetic material changes depending on the angle between the current flow
and the magnetization direction (figure 3(a)). This occurs because the scattering
of conduction electrons varies with the relative orientation of their spin and the
material’s magnetization, causing resistance to be higher when current flows
parallel to the magnetization and lower when perpendicular (figure 3(e)). AMR
sensors typically exhibit a small resistance change (2%–4%) and offer moderate
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Figure 3. Schematics of (a) AMR, (b) GMR multilayer structure, (c) GMR SV, (d) MTJ. (e)–(g)
Are the R–H curves of different MR sensors under varying external fields. Black and red arrows
represent magnetization and current directions, respectively. (h) and (i) Illustrate MR sensors
designed for label-based analyte detection and label-free detection of bio-magnetic fields associated
with biological events, respectively. For simplicity, only the free layer, whose magnetization is
influenced by local magnetic fields, is shown in the schematic. (j) and (k) Are photographs of
reported GMR point-of-care devices. (j) Reprinted with permission from [66]. Copyright (2017)
American Chemical Society. (k) Reprinted from [67], Copyright (2016), with permission from
Elsevier. The procedures for the conventional (l) APTES-GA coating and (m) EDC/NHS coating.
FM = ferromagnetic. NM = non-magnetic. I = insulator. Arrows represent magnetization
directions in FM layers. Reproduced from [68]. CC BY 4.0.

field detection sensitivity (µT/sqrt(Hz)). They are commonly made from
permalloy (NiFe alloy) and are used in applications such as compass sensors,
current sensing, and linear position detection due to their simplicity and
cost-effectiveness. Due to its moderate field detection sensitivity, AMR sensors
are mainly used for industry and only very few reports of AMR sensors for
biomedical applications [65].

4.1.2. GMR sensors. GMR multilayer sensors consist of alternating
ferromagnetic and non-magnetic conductive layers (figure 3(b)). The resistance
depends on the relative alignment of the magnetizations in adjacent ferromagnetic
layers. When the magnetizations in adjacent layers align parallel, resistance is
low; when they align antiparallel, resistance is high (figure 3(f)). GMR sensors
show a significantly larger resistance change (10%–50%) compared to AMR and
have high sensitivity to weak magnetic fields (nT/sqrt(Hz)) [69].
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A variant of the GMR multilayer structure is the GMR spin-valve (GMR SV,
figure 3(c)), which features fewer thin film stacks and improved sensing
performance. In a GMR SV structure, one ferromagnetic layer, known as the free
layer, is a soft magnetic material whose magnetization can be altered by an
external magnetic field or magnetic tags on its surface. The other ferromagnetic
layer, the pinned layer, is a hard magnetic material (or a soft magnetic material
exchange coupled to a pinning layer) whose magnetization is fixed and requires a
large field to switch. This pinned layer serves as a reference, allowing the relative
magnetization directions of the two ferromagnetic layers to be measured. GMR
SVs are designed so that the magnetizations of the free and pinned layers form a
90◦ configuration without an external field, producing an intermediate resistance.
This configuration enables a linear resistance-field (R–H) response (figure 3(g)),
making GMR SVs ideal for quantitative magnetic field measurements. As a
result, a single GMR SV is optimized for detecting magnetic fields along a
specific direction with high sensitivity.

One popular application of GMR sensors is for label-based biosensing. The
first work of applying GMR sensors for biosensing was reported in 1998 by
Baselt et al, where micrometer-sized Dynabeads were directly sensed by GMR
sensors [70]. The authors forecasted that with further development of the GMR
sensor technique, it is possible to be used for studying the single-molecule level
interactions between DNA–DNA, antibody–antigen, ligand–receptor, etc. Over
two decades of development, GMR sensors have been successfully applied for
analyte detection of molecules, nucleic acids, viruses, cells, etc [12], combined
with magnetic nanoparticles as labels (figure 3(h)).

GMR SV-based in vitro bioassays have been extensively explored in clinical
settings for detecting a broad spectrum of diseases and pathogens, including
SARS-CoV-2, Influenza A Virus (IAV), cirrhosis, Hepatitis B Virus (HBV),
ovarian cancer, and more [66, 71–78]. Notably, GMR SV-based bioassays have
also been integrated with nucleic acid amplification techniques such as
polymerase chain reaction (PCR) and loop-mediated isothermal amplification
(LAMP) to enable the detection of viral DNA or RNA, including human
papillomavirus (HPV), HBV, complementary DNA (cDNA), and specific DNA
mutations associated with cancer prognostics [79–81]. These advancements
highlight the versatility of GMR SV-based biosensors in improving the sensitivity
and specificity of molecular diagnostics for a wide array of clinical applications.

The label-free GMR sensing of bio-magnetic fields caused by biological events
started in the 2010s (figure 3(i)). In 2011, Amaral et al reported the first use of
GMR SV sensors to measure the magnetic field generated by action potentials in
mouse brain slices [82]. Under stimulation near the CA3/CA1 border of the
hippocampus, the GMR SV sensor recorded signals with an amplitude of 20 µV
and a pulse length of 20–30 ms, which were detected exclusively in the pyramidal
cell body region. The authors attributed this signal to the simultaneous
stimulation of over 500 neurons. In 2017, Caruso et al placed five segments of
4 × 30 µm2 GMR SV sensors on the tip of a needle to study the in vivo neural
response in a cat’s visual cortex [83]. The authors reported that event-related
bio-magnetic fields in response to visual stimuli reached several nT, as detected
by the GMR SV sensors. Although the signal-to-noise ratio (SNR) was still lower
compared to electrophysiology, this proof of concept highlighted the potential of
using spintronic devices for studying micro-scale physiological events.

4.1.3. MTJ sensors. MTJ sensors operate on the TMR effect, where electrons
quantum-mechanically tunnel through an insulating barrier, such as MgO,
sandwiched between two ferromagnetic layers, as shown in figure 3(d). The
tunneling current—and hence resistance—varies depending on the relative
alignment of the ferromagnetic layers’ magnetizations. Parallel alignment allows
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higher tunneling current and lower resistance, while antiparallel alignment results
in lower current and higher resistance (figure 3(f)). MTJ sensors exhibit the
highest resistance change (up to 600% or more) among all MR sensors and
extreme sensitivity for magnetic field detection (pT/sqrt(Hz)) [84, 85].

Building on the success of label-based GMR biosensors for analyte detection,
MTJ biosensors have recently emerged as a promising alternative, offering the
potential for higher sensitivity. For instance, Sharma et al demonstrated the use of
MTJ sensor arrays for detecting pathogenic DNA [86]. By integrating these
sensors with microfluidic channels, they laid the groundwork for lab-on-a-chip
systems, paving the way for advanced point-of-care diagnostic applications.

MTJ for label-free bio-magnetic field recording is also reported. In 2017,
Sharma et al fabricated an array of 12 MTJ sensors, each with a junction area of
3 × 40 µm2, for the in vitro recording of the neuron signals from hippocampal
slices [87]. MTJ sensors have also been demonstrated for cardiac signal
recording. Fujiwara et al first reported the use of MTJ sensors for this purpose,
achieving a minimum detectable magnetic field of 233 pT/sqrt(Hz) [88]. By
incorporating a Wheatstone bridge design and applying signal averaging, they
successfully measured the QRS complex from cardiac activity. Building on this,
Wang et al developed an enhanced tri-axial MCG system using MTJ sensors [89].
Their results showed that the R-wave and QRS complex associated with the
cardiac cycle were observable without the need for signal averaging. The
amplitude of the R-peak recorded by the MTJ sensor in the x-direction was
200 pT, consistent with SQUID measurements after accounting for the distance
between the observation point and the magnetic field source.

4.1.4. Preparing MR sensors for room temperature biomedical applications. To date,
two start-up companies, Magic Lifescience Inc. and Zepto Life Technology Inc.,
were founded based on GMR biosensors, figures 3(j) and (k) show the
photographs of GMR point-of-care devices. There are commercial products of
MR sensors on the market, one example supplier is NVE corporation, most of
these MR sensor products are packaged chips and used in industrial applications.
The examples showcased above have shown that MR sensors hold significant
potential for biomedical applications, but several challenges need to be addressed
to fully realize their capabilities.

For quantitative magnetic sensing and imaging, the MR sensor’s signal (R in
R–H curves) must exhibit a unique correspondence with the magnetic field (H in
R–H curves). Therefore, GMR SV and MTJ sensors with 90◦ magnetization
configurations are preferred for magnetic sensing applications, as shown in
figure 3(g). Additionally, the free layers of GMR SV and MTJ sensors
(figures 3(c) and (d)) are designed to be sensitive only to external magnetic fields
along a single axis. This design is sufficient for label-based magnetic biosensing,
where magnetic tags can be intentionally magnetized by an applied field along the
designated sensitive axis. However, for magnetic imaging, MR sensors require
tri-axial sensitivities. This can be achieved by grouping three MR sensors, each
measuring the magnetic field along a different axis. Such sensor groups can then
be arranged into arrays for 2D imaging applications, including MCG, MEG, and
MMG. The resolution of these arrays depends on the spacing between sensor
groups and the magnetic field detectivity of individual sensors.

Theoretically, single-cell imaging resolution can be achieved by fabricating
MR sensor arrays with inter-sensor gaps smaller than the size of a cell, a goal
within reach using current nanofabrication techniques. However, existing GMR
SV and MTJ sensors lack the sensitivity to detect the sub-fT to sub-pT magnetic
fields generated by single-cell biological activity. For example, while the
magnetic field produced by a single neuron firing ranges from 10 to 100 pT near
the cell, cumulative neuronal activity generates only slightly stronger signals in
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the nT range detectable at the scalp. For non-invasive magnetic imaging, the
magnetic field strength generated by biological events decreases with the cube of
the distance. Therefore, the distance between the MR sensor and the neurons or
cells is a critical factor that puts a higher requirement on the sensor’s sensitivity.
Achieving the sensitivity required to detect such weak fields without cryogenic
cooling remains a major challenge. To address this, methods such as integrating
magnetic flux concentrators (MFCs), advanced signal post-processing, and signal
averaging are being explored to enhance the SNR, potentially enabling reliable
detection of weak bio-magnetic signals. Despite these advances, implementing
these techniques in compact, portable devices remains a significant hurdle to
overcome.

Biocompatibility is a significant challenge, particularly for implantable MR
sensors used in critical tissues like the brain and heart. The potential risks
associated with these applications include (1) electrical leakage from MR sensors
and electrodes, (2) corrosion of MR sensors due to prolonged exposure to
complex biochemical environments, and (3) biological contamination and tissue
inflammation. To address these issues, MR sensors must be encapsulated with a
thin layer of biocompatible materials such as polyimide, silicone, epoxy resin, or
parylene C [90, 91]. However, encapsulation introduces another technical
challenge: the increased distance between the biomagnetic field sources (e.g.
neuron cells) and the sensors. Because magnetic field strength decreases with the
cube of the distance, this added separation can significantly reduce the sensor’s
ability to accurately detect and map magnetic fields. Consequently, researchers
must strike a balance between the thickness of the encapsulation layer and the
sensor’s detectivity. This trade-off is crucial to ensure adequate isolation of MR
sensors from the biological environment while minimizing any adverse effects of
increased sensor-to-source distance on sensing performance.

For in vitro, label-based magnetic bioassays using MR sensors, a critical step is
surface modification to transform MR sensors into functional biosensors capable
of detecting specific biological targets. To date, various surface modification
techniques have been developed for rigid substrates such as glass, silicon, and
polystyrene [92–96]. Among these, two widely adopted methods for MR sensor
functionalization are (1) the 3-aminopropyltriethoxy silane/glutaraldehyde
(APTES/GA, figure 3(l)) method [96] and (2) the 1-ethyl-3-(3-dimethy-
laminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS, figure 3(m))
method [97]. These approaches enable the immobilization of biomolecules like
antibodies, aptamers, or proteins onto the sensor surface for specific target
binding. Before this surface functionalization step, MR sensors are typically
surface coated with an ultrathin passivation layer made of materials such as SiO2

and Si3N4. This layer serves a dual purpose: it protects the sensors from corrosion
caused by exposure to biological samples and provides chemical sites for
subsequent functionalization. However, the passivation layer thickness poses a
critical design trade-off. It needs to be sufficiently thin to ensure the magnetic
signals from the labels remain detectable by the sensor while being thick enough
to prevent liquid leakage through any defects or pores. Typically, the passivation
layer is on the order of tens of nanometers, balancing these competing
requirements to maintain both the sensor’s performance and durability in
biological environments.

Finally, the integration of MR sensors into scalable and cost-effective
biomedical devices presents additional challenges. Ensuring consistent
performance across a large-scale production is crucial for widespread clinical
adoption. This can be addressed by improving fabrication techniques such as
using advanced lithography processes and automated quality control methods to
ensure uniformity in sensor performance. Moreover, creating dense arrays of
sensors in a compact format not only requires overcoming fabrication and
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Figure 4. Schematics of (a) one STO device and (b) the setup for STO signal recording.
Reproduced with permission from [100]. CC BY-NC-ND 4.0.

packaging complexities but also demands addressing high power consumption
per unit area, which becomes a significant concern as array density increases.
Possible solutions include optimizing sensor design to minimize energy usage,
incorporating low-power circuitry, and employing advanced thermal management
systems to dissipate heat efficiently [62, 98, 99].

4.2. STO and SHO

STO (other name: STNO, spin torque nano-oscillator) generates
microwave-frequency signals by utilizing the STT effect in magnetic multilayer
structures. It typically consists of either an MTJ or a GMR structure, which
includes two major ferromagnetic layers: a pinned layer with a fixed
magnetization direction and a free layer with a magnetization that can
dynamically respond to external stimuli (see figure 4(a)). When a charge current
flows perpendicularly through the structure, the pinned layer polarizes the
electron spins, creating a spin-polarized current. As this spin-polarized current
passes through the free layer, it transfers angular momentum, exerting a torque on
the free layer’s magnetization. This torque induces steady-state precession of the
free layer’s magnetization around an equilibrium axis, producing an oscillating
magnetic state that generates microwave-frequency signals. This precession of the
free layer’s magnetization can be recorded as a resistance or voltage signal of the
STO device. Figure 4(b) illustrates a typical structure of an STO device reported
by Choi et al [100], and the corresponding circuitry used to measure its
oscillatory behavior. In this setup, a DC is applied through the inductive branch of
the circuit, while the resulting voltage oscillations generated by the STO are
captured via RF microprobes connected to the capacitive branch of a bias tee.
These oscillations are then analyzed using a spectrum analyzer, which records the
output spectrum of the STO for further evaluation.

The frequency of precession is affected by the current, external magnetic field,
and material properties, making STOs versatile for applications such as
microwave generation, RF communication, and neuromorphic computing. Their
nanoscale size and low power consumption make them attractive for
high-frequency, energy-efficient signal processing. The first patent that proposed
STO as a magnetic sensor was filed by Hitachi Global Storage Technologies
Netherlands BV in 2009 [101]. The same team presented the concept of using an
STO to detect magnetic fields by measuring the oscillation frequency of the
device [102]. The authors experimentally observed a 2.55 GHz oscillation
frequency shift with a linewidth of 220 MHz as the external magnetic field varied
from −522 to −814 Oe. Several micromagnetic simulation studies have
demonstrated the feasibility of using STO sensors to detect magnetic tags for
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Figure 5. (a) Schematic of the microwave emission measurement circuit setup for SHO device. (b)
Oscillation peak as a function of current. Reproduced from [105]. CC BY 4.0. (c) Schematic of a
4 × 4 SHNO array. The direction of the applied magnetic field H, its in-plane component HIP, and
the charge current are marked. The green arrows indicate the precessing magnetization of each
SHNO. (d) Power spectral density of different SHNO arrays as a function of total drive current
through the array. Scale bars are shown in dB over the noise floor. All data was acquired in a
magnetic field of 0.68 T with an out-of-plane angle of 76◦ and an in-plane angle of 30◦.
Reproduced from [106], with permission from Springer Nature.

label-based biosensing [103, 104]. These studies highlight the theoretical
capability of STO to achieve the detection limit of a single magnetic
nanoparticle—single molecule detection.

Like STO, a SHO (other name: SHNO, spin Hall nano-oscillator) can also
generate microwave-frequency signals by utilizing the SHE to convert charge
currents into spin currents. As shown in figure 5(a), it typically consists of a
heavy metal layer (e.g. Pt or Ta) with strong SOC. When an electric current flows
through the heavy metal layer, the SHE generates a spin current perpendicular to
the charge current direction. This spin current exerts SOT on the magnetization of
the ferromagnetic layer, causing it to precess at high frequencies. The precessing
magnetization emits electromagnetic waves in the microwave range, which can be
tuned by adjusting the input current (see figure 5(b)) or an applied magnetic field.
SHOs have been reported for applications in wireless communication, microwave
signal generation, and neuromorphic computing as well.

Here, we categorize STOs and SHOs in the same sub-section due to their
similar working principles for magnetic field sensing and label-based biosensing.
In both devices, the magnetic field and magnetized magnetic tags influence the
frequency of precession in the magnetization of the ferromagnetic layer. The
frequency shift of these oscillators can be measured either through an MR device
or by detecting microwave emissions, allowing them to function as highly
sensitive magnetic quantum sensors.

For improved sensitivity of STO and SHO, an array of synchronized oscillators
is suggested over a single oscillator to increase the operating frequency range and
the microwave emission power output and, thus, enhance the SNR. Figure 5(c)
shows the schematic of a 4 × 4 SHNO array. As shown in figure 5(d), by
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Figure 6. (a) Top view of monolayer CrI3, where Cr atoms (red balls) form a honeycomb structure
in an edge-sharing octahedral coordination by six I atoms (blue balls), and side view of bilayer CrI3
of the rhombohedral stacking order. (b) Magnetic circular dichroism (MCD) signal as a function of
applied magnetic field at different temperatures. Black and red lines show the forward and backward
sweeps of the field, respectively. Insets (top) depict the magnetic states of bilayer CrI3 under
different magnetic fields. Reproduced from [108], with permission from Springer Nature. (c) Bloch
(left) and Néel (right) type skyrmions. Arrows represent spins. The cross-section of the vortex is
also depicted in both cases. Reproduced from [120], with permission from Springer Nature. (d)
Schematic of the detection of skyrmions in an MTJ. Reproduced from [121]. CC BY 4.0.

increasing the number of oscillators that are synchronized, the SNR is enhanced.
In addition, for reported STO and SHO, the oscillation peak linewidth typically
ranges from a few MHz to hundreds of MHz. For high-performance magnetic
sensors, achieving line widths in the kHz range or lower is desirable to detect
ultra-low magnetic fields, particularly in applications like medical imaging
applications. In addition to the specific challenges faced by oscillators, they share
similar obstacles to MR sensors, as discussed in section 4.1.4, when being
adapted for biomedical applications.

4.3. 2D vdW Magnets

2D vdW magnets are materials that exhibit magnetic properties in their
monolayer or few-layer forms, with layers held together by weak vdW forces.
These materials, such as CrI3, retain their intrinsic magnetism even down to the
monolayer limit [107]. The weak interlayer coupling as well as the magnetic
properties of 2D vdW magnets are affected by electric and magnetic fields
[108–110], pressure [111, 112], layer stacking [113, 114], and deposition of thin
films on surfaces [115]. 2D vdW magnets hold promise in applications such as
quantum computing and magnetic sensing.

The development of 2D vdW magnets for sensor applications is still in its early
stages. Several groups have investigated the magnetization behavior of bilayer
CrI3 (figure 6(a)) under an out-of-plane (OOP) magnetic field [108, 116–119]. As
shown in figure 6(b), at low temperatures, the bilayer exhibits an
antiferromagnetic phase, with a spin-flip transition into a ferromagnetic phase
observed at a moderate critical field of ∼0.6 T. This transition is attributed to the
relatively weak interlayer exchange interaction. As the temperature increases, the
spin-flip transition broadens. At 60 K, the magnetization (proportional to the
measured MCD value) changes linearly as a function of the applied magnetic
field [116], indicating that the bilayer CrI3 becomes paramagnetic.
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Although there is a long list of 2D vdW magnets reported, their unique
magnetoelectric properties are mainly limited to <100 K temperature conditions.
The room temperature ferromagnetic properties of VSe2 and MnSe2 monolayers
may enable applications at ambient temperature, which is critical for biomedical
applications without cryogenic conditions. An example of hybrid 2D vdW
magnets designed for room temperature magnetic sensing is reported by Jimenez
et al [122] The sensor operates based on changes in the resonance frequency of an
LC circuit, which consists of a soft ferromagnetic microwire coil (approximately
60 µm in diameter, wound into a 15-turn, 10 mm long coil with a 5 mm internal
diameter). The core of the coil is a monolayer VSe2. The sensor achieves a
sensitivity of 16 MHz Oe−1 (or 160 GHz T−1), making it a promising candidate
for a wide range of magnetic sensing applications.

The history of 2D vdW magnets is relatively recent, with significant
breakthroughs over the past two decades as part of the broader exploration of 2D
materials following graphene’s isolation in 2004. A major milestone came in
2017 with the discovery of intrinsic magnetism in monolayer CrI3 and bilayer
Cr2Ge2Te6, demonstrating how interlayer coupling and magnetic anisotropy
stabilize long range magnetic order at low temperatures. Since then, new 2D vdW
magnets have emerged, offering higher Curie temperatures and diverse magnetic
properties, with reports of Fe3GeTe2 and Fe3GaTe2 achieving Curie temperatures
at or above room temperature [123, 124]. Research now aims to improve thermal
stability and expand applications at ambient temperatures. While still at its infant
stage, the magnetic transitions of 2D vdW magnets under external magnetic fields
show potential applications for ultra-low magnetic field sensing, which is of great
interest for bio-magnetic field measurements.

At the research stage, various techniques are employed to measure the
magnetization in 2D vdW magnets, including SQUID, magnetic force
microscopy (MFM), x-ray magnetic circular dichroism (XMCD), spin-polarized
scanning tunneling microscopy (SP-STM), ferromagnetic resonance (FMR),
electron spin resonance (ESR), neutron scattering, and magneto-optical Kerr
effect (MOKE) or magnetic circular dichroism (MCD) spectroscopy. These
methods provide valuable insights into the magnetization of 2D vdW materials
under varying magnetic fields and across different length scales. However, these
bulky and expensive techniques are not ideal for biomedical applications, sharing
similar limitations to SQUID and MRI.

To further enable the use of 2D vdW materials in practical biomedical
applications, we give several approaches here. For instance, functionalizing the
surface of 2D vdW magnets with biorecognition elements like antibodies,
peptides, or DNA aptamers can allow for the selective detection of specific
biomarkers in magnetic biosensing applications. These functionalized materials
can act as active layers in sensors, binding target molecules to induce detectable
changes in their magnetic properties. Additionally, combining 2D vdW magnets
with flexible, biocompatible substrates can facilitate their integration into
wearable or implantable devices for real-time, in vivo monitoring of bio-magnetic
fields. Furthermore, the development of miniaturized, cost-effective readout
systems, such as those employing compact MR devices or NV centers in
diamonds, can overcome the limitations of bulky and expensive characterization
techniques. These advancements, coupled with progress in scalable synthesis and
transfer methods, will pave the way for the widespread adoption of 2D vdW
magnets in high-sensitivity, next-generation biomedical diagnostics and imaging
technologies.

4.4. Skyrmions

A skyrmion is a topologically stable, swirling configuration of spins in a magnetic
material. The spins in a skyrmion point in different directions (see figure 6(c)).
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Skyrmions are typically stabilized by the DMI in materials with strong SOC and
broken inversion symmetry, and they can exist in ferromagnetic or
antiferromagnetic systems. These structures are often just a few nanometers in
size and can be moved with minimal electric current and magnetic fields. For
example, Zhang et al reported that chiral skyrmions in Cu2OSeO3 can be
effectively manipulated by a magnetic field gradient [125]. In a recent study,
Koraltan et al experimentally demonstrated a skyrmion-based device using
[W/CoFeB/MgO]10 multilayers for three-dimensional magnetic field sensing at
room temperature [126]. The skyrmion Hall bar device was used to measure both
in-plane (IP) and OOP magnetic fields, with electrical readout based on the
anomalous Hall effect. The device achieved a measurable linear range of ±17 mT
for IP fields and ±30 mT for OOP fields. However, a significant challenge
remains: the device experiences considerable temperature increases due to Joule
heating. Although the sensitivity of this skyrmion device is currently orders of
magnitude lower than that of commercial MTJ sensors, the authors proposed
several strategies to enhance its sensitivity, offering the potential for future
improvements.

With their high stability at room temperature, nanoscale size, and
controllability, skyrmions are promising for applications such as high-density
magnetic storage, racetrack memory, and neuromorphic computing. However,
their potential for magnetic field sensing and imaging remains underexplored.
One key challenge is that while skyrmions are stable at room temperature, subtle
temperature variations can significantly influence their behavior. This poses a
particular challenge for magnetic sensing and imaging applications, especially
when interfacing with biological systems, where precise temperature control and
stability are crucial. Material optimization, including the development of
skyrmion-hosting heterostructures with enhanced thermal robustness and
magnetic anisotropy, can further stabilize skyrmions at room temperature and
reduce sensitivity to temperature fluctuations. Additionally, hybrid designs
combining skyrmions with MR sensors (figure 6(d)) can leverage the sensitivity
of MR technologies while enhancing the readout mechanisms, thus, significantly
boosting the sensitivity of skyrmion-based sensors to weak bio-magnetic fields.
Furthermore, encapsulating these devices in biocompatible materials, such as
polyimide or parylene C, can ensure their safe integration into biological
environments, enabling both wearable and implantable applications.

5. Conclusions and outlook

In the field of magnetic imaging and biosensing, magnetic sensors span a wide
range from classical devices, such as Hall sensors, fluxgate sensors, and inductive
sensors, to advanced quantum sensors like MR sensors and SQUIDs. In response
to the growing interest in quantum sensors for biomedical applications, this
perspective examines magnetic quantum sensors across commercial and lab
stages. Our discussion begins by reviewing popular quantum sensors for magnetic
imaging and sensing, including SQUID, MRI, OPM, NV magnetometers, and
QDs. Among these, SQUID and MRI are already in clinical use for medical
imaging and sensing. However, their reliance on cryogenic conditions results in
high operational costs, limiting widespread adoption. In contrast, OPM, NV
magnetometers, and QDs, which operate at ambient temperatures and have lower
costs, hold significant potential to revolutionize biomedical applications as they
advance beyond the lab stage.

Additionally, this perspective highlights emerging spintronic devices as
next-generation magnetic quantum sensors for medical imaging and sensing.
Table 2 summarizes the magnetic field detectivity of spintronic sensors and
reported applications to date. Mature MR sensors, such as GMR and MTJ
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Table 2. Summary of spintronic devices and reported applications.

Spintronic devices Sensitivity Cryogenic Reported applications
Technological
readiness level (TRL)

AMR µT/sqrt(Hz) No Biosensors
(Commercial)

Full scale product in
commercial conditions

GMR nT/sqrt(Hz) No Label-based biosensor
(Commercial)
Magnetic imaging
(Conceptual)

Full scale product in
commercial conditions

MTJ pT/sqrt(Hz) No Label-based biosensor
(Lab stage)
Magnetic imaging
(Conceptual)

Partial scale prototype
validation

STO, SHO ∼100s GHz T−1 No Magnetic sensing
(Lab stage)

Partial scale prototype
and modeling

2D vdW magnets — Yes Magnetic sensing
(Lab stage)

Technology
conceptualized

Hybrid 2D vdW
magnets designed
as LC circuits

∼100s GHz T−1 No Magnetic sensing
(Lab stage)

Technology
conceptualized

Skyrmions — No Magnetic sensing
(Lab stage)

Technology
conceptualized & proof
of concept validation

sensors, have already been commercialized and applied in magnetic biosensing.
Preliminary lab-based studies on bio-magnetic field measurements using these
sensors have demonstrated their potential for applications in magnetic imaging
techniques such as MCG, MEG, and MMG. We also highlighted examples of
emerging spintronic devices for magnetic sensing, including STOs, SHOs, 2D
vdW magnets, and skyrmions. These technologies are currently at the lab-based
stage and face challenges such as limited operational temperature ranges,
susceptibility to environmental variations, lack of compact measurement
techniques, and insufficient sensitivity. These technical hurdles reflect the
relatively early stage of research in this field.

For nano- and micro-scale spintronic devices designed to interface with
biological entities, such as biofluidic samples and biological tissues, several
challenges must be addressed. These include the potential cytotoxicity of
spintronic materials to biological systems, corrosion of devices due to
environmental exposure or interfacing with biofluids, random noise affecting
device performance, and the power consumption associated with high-density
spintronic device arrays. These issues are already being actively studied and
tackled, with ongoing advancements aimed at improving the compatibility,
stability, and efficiency of spintronic devices in biomedical applications. With
these, the authors believe that with another one to two decades of development,
these emerging spintronic quantum sensors could be adapted for biomedical
applications, enabling breakthroughs in single-molecule or single-cell detection,
sub-micrometer resolution medical imaging, and protein structure analysis.
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