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We propose and demonstrate a radio-frequency (rf) atomic magnetometer based on parametric resonances.
Previously, most rf atomic magnetometers are based on magnetic resonances and their sensitivities are often
limited by spin-exchange relaxation. Here, we introduce a novel scheme for an rf magnetometer where the
rf magnetic field is measured by exciting the parametric resonances instead of magnetic resonances using
parametric modulation fields. In this way, the spin-exchange relaxation is almost eliminated. Benefiting from
the low spin relaxation rate, the parametric resonance scheme exhibits a narrower linewidth and stronger
signal, which results in a higher sensitivity. With a 6 × 6 × 3 mm3 Rb atomic vapor cell, we developed an rf
atomic magnetometer with a noise floor of 2 fT=Hz1=2, which is about one order of magnitude higher than the
sensitivity achieved in the magnetic-resonance-based scheme. The presented rf detection scheme holds
promise in advancing rf atomic magnetometers and brings new insight into their various applications.
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Introduction—As one of the fundamental and observable
physical quantities, the fast-oscillating magnetic field detec-
tion is of great interest across various applications. Among
different types of radio-frequency (rf) magnetometers that
aims to detect oscillating magnetic fields in the rf range
[1–4], the atomic magnetometer stands out for their excep-
tional sensitivity, achieving sub-fT=Hz1=2 noise floors [5–7].
Additionally, the atomic magnetometer further offers advan-
tages such as low running cost, potential for miniaturization,
and a broad operating frequency range with a flat response.
Benefiting from these features, it has proved to be a powerful
tool in various fields, such as magnetic induction tomogra-
phy (MIT) [8–13], nuclear magnetic resonance (NMR)
[14–18], magnetic resonance imaging (MRI) [19–23], and
nuclear quadrupole resonance [5,24–26].
The rf atomic magnetometer typically relies on the

detection of magnetic resonance (MR) signals by apply-
ing a static bias field B0 to tune the Zeeman splitting of
atoms. When a transverse rf field with a frequency
matching the Zeeman splitting of adjacent sublevels is
applied, the magnetic resonance emerges [27] and the
information of the rf field can be extracted. While widely
successful, these magnetometers encounter challenges
associated with spin-exchange (SE) relaxation [28–30],
a dominant mechanism that broadens MR signals and

diminishes sensitivity, particularly in buffer-gas-filled
atomic vapor cells [5–7,15,25,31,32].
Although the SE relaxation can be completely eliminated

by operating near zero magnetic field, as in a spin-exchange
relaxation-free (SERF) magnetometer [33,34], the MR-
based rf atomic magnetometer requires a large bias field
that conflicts with the SERF condition. There are many
efforts have been made to suppress the SE relaxation, such
as operating the rf atomic magnetometer in antirelaxation
coated atomic vapor cells [12,35,36], using pulse magnetic
fields to cancel the bias field [37], and employing light
narrowing effects [38,39]. Among these methods, the light
narrowing effect, which requires only high polarization of
atoms, is a common choice to suppress the SE relaxation
instead. However, to fully polarize the atomic ensemble, a
strong polarized light is required to perform the optical
pumping, which would lead to extra spin relaxation caused
by power broadening of the pump light [40].
In addressing these challenges, we propose and exper-

imentally demonstrate a novel scheme based on parametric
resonances (PR) rather than MR to realize an rf atomic
magnetometer, eliminating the need for a static bias field.
By utilizing longitudinal parametric resonances with pulse
modulations, the SE relaxation is further suppressed, and
the sensitivity of rf atomic magnetometer is improved by an
order of magnitude compared to conventional schemes.
We achieve a remarkable noise floor of ∼2 fT=Hz1=2 within
a small 6 × 6 × 3 mm3 87Rb atomic vapor cell. A theoreti-
cal model is also developed to analytically demonstrate the
principle of the scheme.
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Theoretical model—The dynamic evolution of the
ground-state electron spin polarization P under the effects
of magnetic field B can be approximately described by the
Bloch equation

d
dt
P ¼ γP ×Bþ ROPðs − PÞ − Γ0P; ð1Þ

where γ is the gyromagnetic ratio, ROP is the optical
pumping rate, s is the optical pumping vector, and Γ0 is
the phenomenological spin relaxation rate. To demonstrate
the basic principle of the PR-based rf field detection
scheme, we consider a case that there is a rotating magnetic
field Bm ¼ x̂Bm sinΩtþ ŷBm cosΩt to be measured in the
x-y plane, as shown in Fig. 1(a). A pump light propagates

along the z axis. Furthermore, to induce the longitudinal
parametric resonances, a modulation magnetic field
B1 ¼ ẑB1 cosωt is applied along the pump light.
Although the spin evolution process appears complex in
the laboratory frame, it can be significantly simplified in a
rotating reference frame, which can help us gain a more
intuitive understanding of the principle.
As shown in Fig. 1(a), the effective magnetic field in the

rotating reference frame is B̃¼ ŷBmþ ẑðB1cosωt−Ω=γÞ.
In this case, the experiment parameter setting of the scheme
is the same as the typical longitudinal parametric resonance
magnetometer [41–43]. When the modulation frequency
coincides with the Larmor frequency of the effective
magnetic field ω=γ, i.e., ω ¼ Ω, the first-order parametric

FIG. 1. The rf field detection scheme based on parametric resonances. (a) The experiment geometry is the same as the typical
longitudinal parametric resonance magnetometer, where the transverse field Bm is measured by using the modulation field B1 cosωt.
(b) Experimental setup of the rf magnetometer. A circularly polarized light propagating along the z axis is the pump light for polarizing
the atoms. A linearly polarized light propagating along the y axis is used to detect the atomic spins. LP, linear polarized; HWP, half-wave
plate; QWP, quarter-wave plate; PBS, polarizing beam splitter; PD, photodiode. (c) Schematic of three different waveforms of the
modulation field for exciting magnetic resonances or parametric resonances. (d) The dependence of the linewidth and amplitude on the
pump power in the case of MR scheme and pulsed PR (PPR) scheme. (e) The sensitivities of the rf magnetometer under three
configurations. For the conventional MR scheme, the noise floor is around 25 fT=Hz1=2. For the PR scheme employing a sinusoidal
modulation field, its noise floor is improved to 12 fT=Hz1=2. For a pulsed field with a duty cycle of 2%, a 12-times improvement is
achieved in sensitivity, and the noise floor is up to 2 fT=Hz1=2.
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resonance emerges. For cases where the high-frequency
condition ω ≫ Γ ¼ Γ0 þ ROP is met, the approximate
solution to Eq. (1) can be obtained. The first-order solution
with the first harmonic is

Py ≈ −P0

γBm

Γ2 þ δ2
J21
�
Γ½sinΩtþ sinðΩþ 2δÞt�

þ δ½cosΩt − cosðΩþ 2δÞt��; ð2Þ
where P0¼ sROP=Γ is the equilibrium electron spin polari-
zation in the absence of magnetic fields, δ ¼ ω − Ω is the
frequency detuning, and Jn ¼ JnðγB1=ωÞ is the Bessel
function of the order of n. The detailed derivations can be
found in Supplemental Material [44]. When the resonance
condition δ ¼ 0 is satisfied, the solution can be further
simplified as

Py ≈ −P0

γBm

Γ
2J21 sinΩt: ð3Þ

It shows that the spin polarization component Py is
sensitive to the strength of the rf field to be measured,
which provides us another way to measure the rf field. The
spin-relaxation rate Γ should generally be minimized for
optimum performance.
Unlike conventional MR-based rf atomic magnetome-

ters, where the bias field is present all the time and, thus,
causes large SE relaxation, in our scheme the bias field is
replaced with a time-varying modulation field to excite
parametric resonances, which enables more possibilities to
suppress the SE relaxation. Given the fact that the modu-
lation field can be generalized to a periodical field with
arbitrary waveform [37,45], the pulsed field is a better
choice to excite the parametric resonances. For a pulsed
field with a small duty cycle, there is no magnetic field
interacting with the atoms most of the time. Although SE
collisions still occur, they do not lead to SE relaxation
during the time. So, the less duration of the modulation
field present, the less SE relaxation would be induced by
the field, as illustrated in Fig. 1(c). For a pulse modulation
magnetic field B1 ¼ B1ηðcosωtÞ, where

ηðxÞ ¼
�
0; if jxj < θ;

sgnðx − θÞ; if jxj > θ
ð4Þ

is a thresholding function to binarize the sinusoidal wave-
form with the threshold θ and sgnðx − θÞ is the sign
function, the duty cycle of the pulse modulation field
can be derived as

d ¼ 1 −
4 arcsin θ

2π
: ð5Þ

Since the SE relaxation vanishes when the modulation field
equals zero, the spin relaxation induced by the pulsed field
can be approximately expressed as dΓSE [37,45,46], where
ΓSE represents the SE relaxation rate. A decrease in the duty

cycle corresponds a reduction in SE relaxation induced by
the pulsed field.
Results—The experimental setup of the PR-based rf

atomic magnetometer is illustrated in Fig. 1. A laser is
sent through a linear polarizer and a quarter-wave plate to
produce circularly polarized light for optically pumping the
atoms. The pump light is tuned to the D1 resonance of Rb
and propagates along the z direction. The 87Rb vapor cell has
a size of 6 × 6 × 3 mm3 and is filled with 600 torr N2 as a
quenching and buffer gas. It is heated to 140 °C and placed
inside a cylindrical magnetic shield. The atomic spin
polarization is detected using a linearly polarized light based
on the optical rotationmethod. The probe light is red detuned
by ∼60 GHz away from the center of the Rb D1 line and is
detected after the cell with a balanced photodetector to
obtain the rotation of the light. The power of the probe light
is ∼1 mW, and the diameter is ∼2 mm. A Helmholtz coil
inside the shield generates the rf field to be measured.
We apply a 600 pT rf field with a frequency of 10 kHz as

the rf field to be measured along the x direction to obtain
the MR and the PR signal. To determine the optimal power
of the pump light, we measure the dependence of the PR
profile on the pump power. As a comparison, we further
measure the linewidth and amplitude of the MR at the
same pump power. As shown in Fig. 1(d), the MR
linewidth initially decreases with increasing pump power
due to light narrowing effects [40]. However, as the pump
power continues to increase, the linewidth begins to
increase due to the power broadening effects. In contrast,
for the PR scheme employing a pulsed modulation field
with a duty cycle of 2%, the linewidth remains nearly
constant around 100 Hz as the pump power increases
initially, indicating that the SE relaxation is almost
eliminated. The PR-based rf atomic magnetometer
achieves optimal sensitivity with lower pump power
due to the suppressed SE relaxation, which is beneficial
for the miniaturization of magnetometers.
Benefiting from the narrowed linewidth and enhanced

signal amplitude, the PR-based rf magnetometer exhibits
higher sensitivity compared with the MR scheme.
Figure 1(e) shows the measured noise spectral density of
the rf magnetometer in different configurations. The MR
scheme demonstrates a typical noise floor of approximately
25 fT=Hz1=2, which is consistent with other rf magnetom-
eters utilizing a similar volume of atomic vapor cell.
However, if we adopt a sinusoidal modulation field or a
pulsed field with 2% duty cycle to induce the parametric
resonances, the noise floor is improved to around 12 and
2 fT=Hz1=2, respectively. The primary noise source of the
magnetometer is the probe noise. After actively stabilizing
the power of the probe light with an acousto-optic modu-
lator, shot noise emerges as the dominant source of noise.
Further decreasing the duty cycle of the pulsed field yields
only a slight increase in sensitivity, as the SE relaxation is
not the dominant factor in such cases.
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To further evaluate the PR-based rf magnetometer,
experiments are conducted to examine the dependence
of the PR profile on the duty cycle. The pump power is set
to the optimal value of ∼6 mW, which maximizes the ratio
between the amplitude and linewidth of the PR profile, as
illustrated in Fig. 1(d). It should be noted that, as the duty
cycle varies, the amplitude of the pulsed field should be
adjusted accordingly to maximize the PR signal. As
demonstrated in Figs. 2(a) and 2(b), a decrease in duty
cycle results in a narrower linewidth and larger signal
amplitude, enhancing the sensitivity of the magnetometer.
When the duty cycle is 50%, the noise floor reaches
approximately 16 fT=Hz1=2, comparable to the MR
scheme. As the SE relaxation is suppressed in the PR
scheme, the bandwidth of the rf magnetometer, determined
by the spin relaxation rate, is also reduced. Figure 2(c)
presents the frequency response of the magnetometer under
different schemes. The frequency response is extracted by
measuring the response to the rf field amplitude oscillating
at varying frequencies while the rf frequency of the rf field
is fixed at Ω ¼ 10 kHz. For the PPR scheme with a duty

cycle of 2%, the −3 dB bandwidth is ∼290 Hz, whereas for
the MR scheme, the bandwidth is ∼920 Hz.
Discussion—Compared with the MR scheme, the PR

scheme offers higher sensitivity due to the suppressed SE
relaxation. As the fundamental theory δB ∝ V−1=2 [15,31]
indicates, the sensitivity of atomic magnetometers can
be improved by increasing the cell volume V to enhance
signal strengths. Figure 3 shows the sensitivity-volume
relationship based on previously developed MR-based
rf atomic magnetometers. The cell volume is defined as
the effective interaction volume between probe light and
atoms. A roughly linear relation can be observed. If we
implement the PPR atomic magnetometer with a larger cell,
such as 100 cm3, the sensitivity could potentially improve
by 30 times to 0.07 fT=Hz1=2.
In addition to the high sensitivity of the PR scheme, it

can also be phase sensitive, capable of measuring not only
the rf field strength, but also its phase. The phase of the
rf field can be determined by the amplitude of the spin
response. Detailed derivations and discussions are provided
in Supplemental Material [44]. Furthermore, the resonance
condition of the PR scheme can be generalized to nω ¼ Ω,
which implies the capability to measure not only the rf field
oscillating at frequency Ω, but also its series of harmonics
simultaneously. So, to measure a high-frequency rf field,
we can just use a relatively low-frequency modulation field
to excite the parametric resonance. These advantages can
be particularly beneficial in MIT and NMR. If we further
consider that there is a bias field ẑB0, the PR scheme
remains effective, except that the resonance condition is
modified to nω ¼ Ωþ γB0. However, the presence of the
bias field may result in an increased SE relaxation rate.
In contrast, the MR scheme relies on a static bias field,

while the PR scheme employs a modulated field to induce
the parametric resonances, which provides a bias-field-free
method with higher sensitivity for rf field detection. It can
be useful for some applications, such as the zero-field
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FIG. 2. The performance of the rf magnetometer based on PR
scheme. (a) The dependence of the linewidth and amplitude of
the PR signal on the duty cycle of the pulsed field. (b) The
dependence of the noise floor on the duty cycle. (c) The
frequency response of the rf atomic magnetometer under different
magnetic field settings. A decrease in the duty cycle results in a
narrower bandwidth due to the suppressed SE relaxation.
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FIG. 3. The relationship between the noise floor of the rf atomic
magnetometer and the effective sensing volume V is presented
based on previous works. A linear relation can be roughly
observed, as represented by the solid line. These results repre-
sented by the dots can be referred in Refs. [5–7,25,31,47–52].
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NMR [14,16,17], which can provide ultrahigh-frequency
resolution spectroscopy in comparison to the high-field
NMR. For MRI using a flux transformer for decoupling the
bias and gradient fields [21,22,48], the PR scheme can offer
a higher signal-to-noise ratio (SNR) due to its higher
sensitivity.
For the PR scheme using pulsed fields, a smaller duty

cycle necessitates stronger modulation fields. In this way,
the strong pulsed field might induce unexpected effects
from the surroundings of the magnetometer. There are
several ways to mitigate this issue, such as using well-
designed magnetic field coils with little field leakage [53]
or reducing the coil size to bring it closer to the cell. On the
other hand, the modulation field generated by the coils can
be advantageous in certain applications. For instance, in
MIT using the MR-based rf atomic magnetometer, an rf
field coil is typically needed to excite magnetization in the
sample [9–12]. However, the magnetic field used to
modulate the atoms in the PR scheme may also serve as
the rf excitation field simultaneously, potentially eliminat-
ing the need for a separate rf excitation coil.
Conclusions—Wehave proposed a novel scheme based on

parametric resonances for highly sensitive detection of rf
fields. By using modulation field to excite parametric
resonances instead of magnetic resonances, we realize an
order of magnitude improvement in sensitivity of the rf
magnetometer regarding to conventional magnetic-
resonance-based rf magnetometer. A noise floor of
2 fT=Hz1=2 within a small 87Rb atomic vapor cell is achieved.
As the experimental geometry of the parametric modulation
scheme is almost the same as the MR-based scheme, the rf
atomic magnetometer developed before can be easily trans-
formed to the parametric-resonance scheme and achieve a
higher sensitivity. Considering the wide applications of rf
atomic magnetometers, the parametric resonance scheme is
expected to make a significant improvement in these appli-
cations, such as higher-frequency resolution of NMR signals,
higher SNR of MRI and MIT signals, etc.
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