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Abstract: Precise detection of weak magnetic fields is fundamental to applications ranging from
biomedical imaging to quantum sensing. This work presents an approach to optimize the performance of
radiofrequency (RF) magnetometers through parametric resonance tuning, guided by the Bloch equations
describing spin-field interactions. In realistic conditions, spin relaxation due to collisions and spin exchange
leads to signal decay and broadened resonance peaks. To counter this, a small periodic modulation is
applied to the magnetic field, effectively modulating the Larmor frequency. When the modulation satisfies
the resonance condition, energy is periodically transferred back to the spin ensemble, sustaining
polarization and narrowing the resonance linewidth. The results demonstrate that controlled parametric
driving can substantially improve the stability and sensitivity of RF magnetometers, offering a strong
framework for precision magnetic field sensing in complex and fluctuating environments.
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1. Introduction

Atomic magnetometers have emerged as exceptionally sensitive instruments for detecting weak
magnetic fields, bridging fundamental research and applied technologies across physics, medicine, and
engineering [1-4]. Their operation relies on detecting magnetic resonance in atomic ensembles, where the
collective spin dynamics of alkali or noble gas atoms provide a precise probe of magnetic field variations
[5, 6]. Advances in optical pumping, spin-exchange relaxation suppression, and field modulation techniques
have pushed sensitivities to the sub-femtotesla regime, even under unshielded conditions [2, 7, 8]. These
features make atomic magnetometers valuable not only for geomagnetic exploration and quantum control
but also for biomedical imaging, where they serve as non-invasive alternatives to cryogenic SQUID systems
in detecting neuronal or cardiac magnetic activity [9]. While in physics, they provide tools for probing spin-
exchange dynamics, testing fundamental symmetries, and exploring light-matter interactions in the
quantum regime [6, 10]. Their high sensitivity, room temperature operation, and tunable frequency response
establish them as compact, field-deployable tools for precision measurements in fluctuating environments
[10]. Among the diverse magnetometric techniques, parametric resonance magnetometers (PRMs) have
gained renewed attention for their ability to achieve high sensitivity through resonance amplification under
time varying driving fields [11, 12]. In these systems, the spin precession is not only determined by the
static magnetic field but also by the modulation parameters of the radiofrequency (RF), which introduce a
periodic variation in the effective potential [13, 14]. This interplay between the driving frequency and the
intrinsic Larmor frequency gives rise to parametric resonances, analogous to those observed in classical
oscillators [13].

https://doi.org/10.17758/DIRPUB18.DiR1125129 21



Our study builds on this perspective by analyzing the spin dynamics in the rotating reference frame,
where the modulation frequency and resonance conditions, play a central role in defining the system’s
response. By numerically exploring the equations of motion of the driving field, we uncover patterns
corresponding to distinct magnetometric sensitivities. These findings are particularly relevant in the context
of next generation magnetometry, where hybrid approaches integrate classical control theory, machine
learning optimization, and multi-sensor arrays to enhance field reconstruction accuracy and spatial
resolution [9, 15].

The article is structured around three main sections. (1) The first section, establishes the theoretical
foundation of the study. It derives the equations of motion governing spin polarization in the presence of
an external radio-frequency magnetic field, formulated through the Bloch equations. This section highlights
the interplay between precession, optical pumping, and relaxation processes, emphasizing how these
competing mechanisms shape the evolution of spin coherence and signal formation in atomic
magnetometers. (1) The second section, extends the theoretical framework by introducing a timeperiodic
modulation of the magnetic field and analysing its influence on the spin response. Here, the emergence of
parametric resonance is discussed in relation to the Larmor frequency, revealing how specific modulation
conditions lead to energy exchange, and resonance amplification. (111) Finally, the conclusion summarizes
the principal findings and discusses their implications for improving the performance of RF magnetometers
in noisy and low-frequency environments.

2. Spin Dynamics and Bloch Formalism in RF Magnetometers

Understanding the behavior of atomic spins under the influence of magnetic fields is central to the
operation of RF magnetometers. The collective dynamics of these spins determine the device’s sensitivity
and response to weak magnetic fields. To describe these dynamics quantitatively, we employ the Bloch
formalism, which model the evolution of spin polarization and the effects of optical pumping, relaxation,
and time-dependent driving fields on the magnetometer’s performance.
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FIG. 1: Schematic of an RF magnetometer operating in a rotating magnetic fieldj

Fig. 1 illustrates the fundamental working principle of spin-based magnetic sensing. In this
configuration, an atomic ensemble is exposed simultaneously to a static or slowly varying longitudinal
magnetic field and a transverse magnetic field that rotates at a controlled frequency.Optical pumping
initializes the atomic spins along a preferred direction, creating a net polarization in the ensemble. As the
transverse field rotates, it drives the spins into precession around the effective magnetic field, generating a
time-dependent transverse polarization that is detected through optical or electronic readout techniques.
The Hamiltonian for a spin particle in a magnetic field is expressed as

H=—yS + B, (1)

where v is the gyromagnetic ratio and S is the spin operator. The corresponding Heisenberg equation of
motions

https://doi.org/10.17758/DIRPUB18.DiR1125129 22



ds i
at _[H1S]r

)

leads, in the semiclassical limit, to the equation governing the evolution of the ensemble-averaged spin

polarization vector P = (S)/N, where N is the number of spins. The resulting Bloch equation takes the form
dP

Fr vP x B(t) + Rop(s — P) — TxP

@)
where Rop denotes the optical pumping rate and "0 is the intrinsic relaxation constant. The first term
describes the spin precession around the magnetic field B(t), while the remaining two represent the
competing effects of optical alignment toward the steady-state spin orientation s and damping due to

relaxation. The applied magnetic field consists of a rotating transverse component and a modulated
longitudinal component

B(t) = By sin()t) & + By, cos((2t) §j 4+ By cos(wt) 2

(4)
where Bm and B1 are the amplitudes of the transverse and longitudinal fields, respectively. The angular
frequencies Q and w correspond to the rotation and modulation frequencies of the field.

Eq (3) thus provides a complete description of the polarization dynamics under the combined influence
of rf excitation, optical pumping, and relaxation. This framework forms the basis for analyzing resonance
phenomena, including the conditions under which the polarization response exhibits parametric

amplification near the Larmor frequency. In the absence of Larmor precession (y = 0), the steady-state
solution of Eq. 3 yields

In the absence of Larmor precession (y = 0), the steady-state solution of Eq. 3 yields
Rop

° Rop+Ty *

indicating that the longitudinal component approaches an equilibrium value determined by the

(5)
balance between optical pumping and relaxation. The transverse components decay exponentially
with characteristic times T2 = 1/T'0 and T1 = 1/(ROP + I'0), as illustrated in Fig. 2.
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Fig. 2: Transverse and longitudinal decay of spin polarization due to relaxation

The noise floor (NF) of an ideal magnetometer scales inversely with the square root of the detection
volume V.

NF o< V -1/2.

(6)
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FIG. 3: Spectral profiles and noise spectrum for different relaxation rates [2, 7, 10, 15, 16].
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An increase in the relaxation rate I" broadens the noise peaks in Fig. 3, signhaling faster decoherence and
reduced spin information retention. Enlarging the cell volume does not necessarily mitigate these losses, as
atomic interactions and spin-exchange collisions still contribute to linewidth broadening in Fig. 3. This
trade-off highlights the need for active resonance tuning to compensate relaxation losses and recover

sharper spectral responses [17, 18].
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Fig. 4: Spectrum surface plot and representative nuclear parameters

The nuclear dependence of the magnetic response is expressed as
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where N1 and N2 denote the populations of the lower and higher nuclear spin states, respectively, while
AE represents the energy difference between these states. The symbol kg stands for the Boltzmann constant,
T is the absolute temperature, h is Planck’s constant, vo is the resonance frequency, gn is the nuclear factor,
uN is the nuclear magneton, and Bo is the static magnetic field. The relative frequency shift is denoted by 3,
with vi indicating the observed transition frequency, vref the reference frequency, and va a scaling factor

related to the Larmor frequency.
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The variation of the spectral surface S(M) for different isotopes in Fig. 4 reveals the interplay between
nuclear parameters and magnetic response predicted by the Bloch model in Eq. 3. Heavier nuclei with larger
v exhibit stronger coupling to the external field By, leading to enhanced sensitivity. However, this
enhancement saturates beyond a certain mass range, implying a limit in spin—field coupling strength. When
a weak periodic modulation is introduced to BO, the system enters a regime of parametric resonance near
the Larmor frequency, where modulation periodically restores the spin energy lost through relaxation. This
mecganism sustains transverse polarization and stabilizes the sensitivity profile for isotopes such as *K
and *°Cu.

3. Parametric Resonance in RF Magnetometers

For a spin in an external magnetic field, Eq. 4, the polarization evolves according to Eqg. 3 with an
optical pumping rate Rop along s = (0, 0, s). In the rotating reference frame, the Bloch equations governing
the spin polarization components “P = ( ~ Px, ~ Py, ~ P;)" can be written as

|’.1r].3 -r WEH'{E;I _ﬂm - 0
= = | —wes(t) T 0 P+ Rop | 0D
(. 0 -r 8

()
where I' is the transverse relaxation rate, Qm the modulation frequency, and weff (t) = w1 cos (wt) — Q
represents the effective detuning between the driving field and the Larmor precession frequency, with the
effective magnetic field given by

B = (D, B, By cos(wt) — E)
7 (8)
and I' =T'0+ROP, o1 = yB1, Qm = yBm. Transforming to a rotating reference frame in the (x, y) plane
simplifies the dynamics
Pz=Pz,~ Px+ i~ Py=eiat(Px + iPy) 9)
The resulting equations show that near the resonance condition ® ~ Q/n, the transverse
polarization can be strongly amplified:

P~ _ 7BmBRops Ji (vB1/w)
2 + (w — Q)2 10)

The time evolution of the spin components in the rotating frame illustrates how the modulation
frequency governs the energy flow within the spin system as seen 4 in Fig. 5. When the modulation
frequency satisfies the resonance condition, energy is cyclically restored to the transverse
components, preventing their decay and enhancing the overall polarization amplitude.
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Fig. 5: Parametric resonance of spin polarization in the rotating reference frame.
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The analysis reveals that periodic modulation of the magnetic field plays a central role in governing the
spin dynamics near resonance. By introducing a controlled time-dependent variation in the field, the system
enables a continuous exchange of energy between the external drive and the collective spin ensemble. This
modulation effectively sustains the transverse polarization, compensating for relaxation-induced losses and
reviving oscillations that would otherwise decay, shown in Fig. 5. When the modulation frequency
approaches the Larmor frequency, the system enters the regime of parametric resonance, where the coherent
energy transfer amplifies the spin response. This resonant behavior manifests experimentally as a
pronounced narrowing of the linewidth and an increase in signal amplitude, reflecting enhanced spin
coherence and improved magnetometric sensitivity. Such effects highlight the capacity of parametric
driving not only to stabilize polarization but also to unlock new operational regimes for high precision field
detection.

These results confirm that parametric driving provides an effective route for improving the performance
of RF magnetometers. By maintaining polarization and suppressing elaxation, the method yields sharper
resonance features and higher signal-to-noise ratios, which is essential for applications in precision field
sensing and low frequency detection environments.

This formulation provides new insight into the mechanisms underlying signal amplification in
parametric resonance magnetometry [19]. In particular, the transverse components of the polarization, Py
and Py, exhibit a pronounced resonant enhancement when the modulation frequency ® approaches the
Larmor frequency, revealing the direct coupling between the longitudinal modulation and the spin
precession dynamics. The magnitude and sharpness of this resonance are governed by the interplay between
the optical pumping rate Rop, the strength of the rotating magnetic field Bm, and the amplitude of the
longitudinal modulation B1. Variations in these parameters not only shift the resonance condition but also
modify the coherence lifetime of the spin ensemble [20], thus shaping the observed linewidth and signal
contrast. Consequently, the derived equations serve as a quantitative framework for interpreting
experimentally measured resonance spectra, linking the observed signal features to the underlying spin—
field interactions and offering a pathway for optimizing magnetometer performance under realistic
operating conditions

4. Conclusion

This work provides a comprehensive analysis of spin dynamics in atomic ensembles under the influence
of external radio-frequency magnetic fields, framed through the Bloch formalism. By incorporating a weak
periodic modulation into the magnetic field, we demonstrated the emergence of parametric resonance,
wherein energy is periodically fed back into the spin ensemble, counteracting relaxation induced losses and
sustaining transverse polarization. Our numerical simulations revealed that this mechanism leads to a
revival of decaying spin oscillations, sharper resonance features, and enhanced signal amplitude,
confirming that modulation near the Larmor frequency effectively stabilizes the spin coherence.

The study also highlights the intricate interplay between key system parameters, including the optical
pumping rate, the amplitude of the rotating transverse field, and the longitudinal modulation strength.
Variations in these parameters not only influence the resonance condition but also govern the linewidth,
signal contrast, and coherence lifetime of the spin ensemble. Additionally, the nuclear dependence of the
magnetic response was analyzed, showing that isotopic properties and nuclear spin factors modulate the
sensitivity and spectral characteristics of the magnetometer. These insights provide a quantitative
framework linking the observed resonance features to the underlying spin—field interactions, offering
practical guidelines for optimizing the performance of RF magnetometers under realistic experimental
conditions.

Beyond immediate applications in magnetometry, the results underscore the broader relevance of
controlled parametric driving for maintaining coherence in dissipative spin systems. The approach has
potential implications for precision NMR, hybrid quantum sensors, and quantum information devices,
where coherent control over spin ensembles is critical. Future work will aim to experimentally verify these
predictions, explore multifrequency modulation schemes, and extend the methodology to complex, multi-
spin systems, further advancing the understanding and practical capabilities of high sensitivity magnetic
field detection.
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