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Detection of weak electromagnetic waves and hypothetical particles aided by quantum amplification is
important for fundamental physics and applications. However, demonstrations of quantum amplification are
still limited; in particular, the physics of quantum amplification is not fully explored in periodically driven
(Floquet) systems, which are generally defined by time-periodic Hamiltonians and enable observation of
many exotic quantum phenomena such as time crystals. Here we investigate the magnetic-field signal
amplification by periodically driven 129Xe spins and observe signal amplification at frequencies of transitions
between Floquet spin states. This “Floquet amplification” allows us to simultaneously enhance and measure
multiple magnetic fields with at least one order of magnitude improvement, offering the capability of
femtotesla-level measurements. Our findings extend the physics of quantum amplification to Floquet spin
systems and can be generalized to a wide variety of existing amplifiers, enabling a previously unexplored
class of “Floquet spin amplifiers”.
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Quantum amplification that offers the capability of
enhancing weak signals is ubiquitous and of central impor-
tance to various frontiers of science, ranging from low-noise
masers [1–4], ultrasensitive magnetic resonance spectros-
copy [5], weak field and force measurements [6–8], and
optical amplifiers [9], to hypothetical-particle searches
beyond the standard model [10–13]. To date, the well-
established paradigm for realizing signal amplification
mostly relies on using inherent discrete transitions of
quantum systems [14], including atomic and molecular
ensembles [5,12,13,15], superconducting qubits, color
centers in diamond [1–3], trapped-ion qubits [6,16], etc.
However, realizations of quantum amplification are still
limited in practice due to restricted tunability and lack of
experimentally accessible frequencies of inherent discrete
transitions, limiting the performance of quantum amplifiers,
for example, in operation bandwidth, frequency, and gain.
Recent years have witnessed increasing attention to

periodically driven (Floquet) systems [17,18], which can
be described by a series of Floquet states and energies that
are analogous to the Brillouin-zone artificial dimension
[19]. Floquet systems could be a promising platform to
explore advanced quantum amplification beyond ordinary
systems, partially because such systems provide an ideal
way to engineer the inherent discrete states and transitions
of quantum systems. This enables a variety of novel

functionalities that might not be otherwise directly acces-
sible, for example, time crystals [20], a Floquet maser
[15,21], Floquet Raman transition [22], prethermalization
[23], Floquet cavity electromagnonics [24], Floquet polar-
itons [25], and a Floquet quantum detector [26]. The
potential combination of quantum amplification and
Floquet systems may open opportunities for developing
new quantum amplifiers with improved performance, for
example, in operation bandwidth, frequency tunability, and
evading the need for population inversion. Such amplifiers
would find promising applications in, for example, a
topologically protected traveling wave parametric amplifier
[27], simultaneous sensing of multiple magnetic fields at
different frequencies [28], measurement of the worldwide
magnetic-background noise (including Schumann reso-
nance) [29], and searches for axionlike dark matter with
multiple sensitive windows of particle mass [10–12].
In this Letter, we report the theoretical and experimental

demonstration of quantum amplification on periodically
driven spins. The key ingredient is the use of an ensemble
of long-lived hyperpolarized 129Xe spins as a periodically
driven system, which overlaps with optically polarized 87Rb
atoms in the same vapor cell, with Fermi-contact collisions
between them. Unlike conventional quantum amplification
that exploits inherent transitions [1–8,10–13], we demon-
strate that the driven 129Xe spins as an amplifier can
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simultaneously amplify external magnetic fields that oscil-
late at frequencies of transitions between Floquet states,
by a factor of more than 10. In addition, we show that
the application of certain periodic driving enables spin-
amplification gain below one, providing an ideal way to
suppress environmental magnetic noise disturbance. The
present amplification phenomena on Floquet systems are
collectively named “Floquet amplification.” In contrast to
the well-known amplification by stimulated emission of
radiation (maser) that requires population inversion
[1–3,5], Floquet amplification removes the population-
inversion requirement and highlights the practical applica-
tions of building a new class of quantum amplifiers that
could operate in ambient conditions. As a first application,
our amplifier constitutes a new technology for measuring
magnetic fields with broad bandwidth and fT=Hz1=2-level
sensitivity, which is notably better than that of other state-
of-the-art magnetometers demonstrated with nuclear spins
limited to a sensitivity of a few pT=Hz1=2. The present
amplification technique also allows one to search for
hypothetical particles with a sensitivity well beyond the
most stringent existing constraints [12,30].
We employ a two-level spin system as a test bed of

Floquet amplification. A bias magnetic field B0 is applied
along ẑ, where the spin Larmor frequency is ν0 ¼ γnB0 and
γn denotes the gyromagnetic ratio. To periodically drive the
spins into a Floquet system, we introduce an oscillating (ac)
field Bac cosð2πνactÞẑ. As a result, the spin Hamiltonian
HðtÞ becomes time periodic but can be mapped into a time-
independent Floquet Hamiltonian with infinite dimension
[15,19]. As shown in Fig. 1(a), the original two-level
system now is expanded to infinite Floquet levels with
equal interval νac, i.e., j ↑i turns into j ↑in, and j↓i turning
into j↓im [31], where n andm represent the photon number
of the periodic driving field and are non-negative integers.
With synthetic dimensions supported by Floquet states, the
number of resonance transitions increases, thus improving
the operation bandwidth and enabling us to constitute
multimode amplifiers.
We perform Floquet-amplification experiments with

129Xe noble gas. The setup is described in the
Supplemental Material [31] in detail and is similar to that
of Refs. [12,13]. As shown in Fig. 1(b), 5-torr 129Xe gas
overlaps with enriched 87Rb in a 0.5-cm3 cubic vapor cell.
The vapor cell is enclosed in a boron nitride ceramics
and heated to ∼160 °C with twisted-pair copper wires.
Circularly polarized laser light tuned to the D1 line at
795 nm polarizes 87Rb atoms, and 129Xe spins are polarized
through spin-exchange collisions with polarized 87Rb
atoms. The spin polarization of 129Xe gas is estimated to
be about 30%. We introduce an ac field Bac along ẑ for
periodic driving of 129Xe. When a transverse oscillating
magnetic field matches one of the Floquet 129Xe transitions
[for example, j↓im → j ↑in in Fig. 1(a)], the polarized
129Xe spins are tilted away from the ẑ direction and

accordingly generate oscillating transverse magnetization
MnðtÞ. The Fermi-contact collisions between 129Xe and
87Rb lead to that 87Rb experiences an effective magnetic
field [38–40], Beff ¼ ð8πκ0=3ÞMnðtÞ, which is in situ read
out by 87Rb magnetometer [41–43]. Here κ0 ≈ 540 denotes
the Fermi-contact enhancement factor between 129Xe and
87Rb [44]. As a result, the magnetic field Beff generated
by 129Xe nuclear magnetization can be enhanced by a
large factor of κ0, and can be significantly larger than the
measured field.
Using synthetic dimensions supported by Floquet states,

the magnetic field can be amplified at a series of comblike
frequencies ν0; ν0 � νac;…; ν0 � kνac; � � �, which corre-
spond to k-photon transitions (or sidebands). We define
the amplification factor as the ratio between the effective
field Beff and the measured field Bs, i.e., jBeff=Bsj. We
show that the k-photon amplification to the signal is [31]

ηk;0ðuÞ ¼
4π

3
κ0MnPn

0γnT2nJ2kðuÞ; ð1Þ

where Pn
0 is the equilibrium polarization of 129Xe, Mn is

the magnetization 129Xe atoms with unity polarization,
γn ≈ 0.01178 Hz=nT is the gyromagnetic ratio of 129Xe,
T2n ≈ 34 s is the transverse relaxation time of 129Xe spins,
Jk is the Bessel function of the first kind of order k, and
u ¼ γnBac=νac is the modulation index.
Figure 2(a) shows the experimental data on Floquet

amplification. The parameters are set as B0 ≈ 853 nT,
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FIG. 1. (a) A periodically driven two-level system can be
described by a series of Floquet states j ↑in, j↓im. We study the
transitions between these Floquet states. (b) Schematic of
experimental setup. The key element is a cubic vapor cell
containing 5 torr 129Xe, 250 torr N2, and a droplet of isotopically
enriched 87Rb. 87Rb atoms are polarized by a circularly polarized
laser at 795 nm and probed by a linearly polarized light blue-
detuned 110 GHz from the D2 transition at 780 nm. 129Xe spins
are polarized by spin-exchange collisions with polarized 87Rb
atoms. An oscillating magnetic field as a periodic driving
on 129Xe is applied along ẑ. The driven 129Xe can amplify the
magnetic field that oscillates at frequencies of transitions between
Floquet states [see (a)]. The amplified field then is in situ read out
by the 87Rb magnetometer.
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Bac ≈ 397 nT, νac ≈ 1.500 Hz, corresponding to ν0 ≈
10.039 Hz and modulation index u ≈ 3.12. A transverse
oscillating magnetic field as a test signal is applied along ŷ,
and its frequency is scanned from about 4.900 Hz to
15.100 Hz. Considering that the resonance linewidth is as
narrow as ≈17 mHz determined by

ffiffiffi

3
p

=ðπT2nÞ [31], the
scanning frequency step is set as 1 mHz around resonance
frequencies. To determine the amplification factor, we
record the 87Rb magnetometer response signal far way
from resonance as a reference. All signal strengths are
obtained by performing Fourier transform of the magne-
tometer signals. The experimental result is shown in
Fig. 2(a) and the ratio among different transitions is close

to the theoretical value J20ðuÞ∶J2�1ðuÞ∶J2�2ðuÞ∶J2�3ðuÞ ¼
1∶0.969∶2.660∶1.225.
An amplification phenomenon is observed on Floquet

129Xe spins. Specifically, although the test frequency
matches only one Floquet transition, there simultaneously
exist amplification signals at other Floquet transitions. For
example shown in Fig. 2(b), there is a peak at the frequency
of the test field set at 11.539 Hz (marked with a star), and
otherwise there exist other sidebands even with larger
signal amplitude. These sidebands are similar to frequency
comb composed of equidistant narrow lines, and can be
seen as the result of the test-field photons scattered
by driven 129Xe spins, where the virtual absorption and
emission of ac photons occur [31]. We obtain the corre-
sponding amplification factor [31]

ηk;lðuÞ ¼
4

3
κ0MnPn

0γnT2nJlþkðuÞJkðuÞ; ð2Þ

where k is the order of the sideband where the test field is
located, l is the order difference between the test-field
sideband and other induced sideband [see an example in
Fig. 2(b)]. Obviously, the amplification factor ηk;lðuÞ
becomes the same with that described in Eq. (1) when
l ¼ 0. In the experiment of Fig. 2(b), k ¼ 1 (matching the
first-order sideband). We obtain the experimental ratio
between different cross-amplification lines, i.e., η1;−1∶η1;0∶
η1;1∶η1;2 ≈ 1∶0.916∶1.480∶0.987, which is in agreement
with the theoretical value: jJ0ðuÞj∶jJ1ðuÞj∶jJ2ðuÞj∶
jJ3ðuÞj ¼ 1∶0.984∶1.631∶1.107.
We find an analytical relation for power amplification:

X

þ∞

l¼−∞
η2k;lðuÞ ¼ η0;0ð0Þηk;0ðuÞ; ð3Þ

indicating the total power at all Floquet transitions remain-
ing a constant for a measurement. This kind of Floquet
amplification is well suited for eliminating uncorrelated
noise. For example, we employ frequency-comb-like seven
sidebands shown in Fig. 2(b) as detection indicators. A true
event should induce detectable signals at all sidebands.
In contrast to the detection with a single sideband where
the noise-induced false alarm rate is 5% (95% confidence
level), the simultaneous detection with seven sidebands
would reduce the false-positive rate down to 7.8 × 10−10,
with 7 orders of magnitude improvement. This would
provide a high-confidence-level way to identify an event
from random noise. In this work, we only consider an event
with classical magnetic field that induces detectable signals
at all sidebands. However, we should note that it is only
possible to detect a single sideband when the measured
field is as low as the single-photon level.
The amplification ηk;lðuÞ is adjustable by changing

modulation index u according to Eq. (2). We set the
resonance frequency of 129Xe at ν0 ≈ 10.039 Hz and the
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FIG. 2. (a) Plot of amplification as a function of the scanning
test-field frequency. The bias field and periodic driving field are
set as B0 ≈ 853 nT, Bac ≈ 397 nT, νac ≈ 1.500 Hz. The corre-
sponding modulation index is u ≈ 3.12. The interval between
amplification frequencies is 1.500 Hz that is equal to νac. The
amplification at each resonance frequency satisfies ηk;0 [see
Eq. (1)]. The amplification profile is asymmetric due to the Fano
interference described in the text. (b) Spectrum of the amplifi-
cation signal induced by a test field. The test signal is set at the
frequency of the first-order sideband (see star) and there simul-
taneously exist other sideband signals. The amplification satisfies
ηk;l [see Eq. (2)]. (c) Plot of Floquet amplification as a function
of the modulation index u. A periodic driving field of νac ≈
3.000 Hz is introduced. By scanning the amplitude Bac, the
amplification of the test signal at 7.039 Hz (red points) follows
J21ðuÞ (red line). The amplification at 10.039 Hz (blue points)
follows J1ðuÞJ0ðuÞ (blue line) and at 4.039 Hz (green points)
follows J1ðuÞJ2ðuÞ (green line).

PHYSICAL REVIEW LETTERS 128, 233201 (2022)

233201-3



periodic driving frequency at νac ≈ 3.000 Hz. The index u
is scanned from 0 to 8.00 by changing driving amplitudes.
The test-field frequency is applied, for example, at the first-
order sideband ν0 − νac ≈ 7.039 Hz. In this case, we plot
the amplification factors of three sidebands as a function of
u, as shown in Fig. 2(c). The zeroth at ν0, first sideband
at ν0 − νac, and second-sideband at ν0 − 2νac well follow
theoretical profiles J1ðuÞJ0ðuÞ (blue line), J21ðuÞ (red line),
and J1ðuÞJ2ðuÞ (green line), respectively. The modulation
index u can be optimized to maximize the amplification.
For example, when u is close to the theoretical value 1.84,
the first-order amplification (red line) reaches the maxi-
mum 41.4 (i.e., 32.3 dB).
We demonstrate the magnetic-field sensitivity of our

technique based on Floquet spin amplification. Figure 3
shows the case of a 1.5-Hz periodic driving and modulation
index u ≈ 1.4. In this case, the achieved magnetic sensi-
tivity is about 20 fT=Hz1=2, 25 fT=Hz1=2, 18 fT=Hz1=2 at
ν0 − 1.5, ν0, ν0 þ 1.5, respectively. Our result illustrates
that the magnetic sensitivity can be simultaneously
enhanced to fT=Hz1=2 level at frequencies of transitions
between Floquet spin states. Moreover, the sensitivity at
different Floquet-transition frequencies can be controlled
through changing modulation index. In the Supplemental
Material [31], we demonstrate the direct measurements of
femtotesla-level magnetic fields using the Floquet-spin-
amplification technique and further discuss the typical
noise that limit our current sensitivity.
The line shape of amplification as a function of scanning

frequency is not symmetric under a certain regime, as
shown in Fig. 2(a). We find that the asymmetric line
originates from the well-known Fano resonance [45–47].
Specifically, the 87Rb and 129Xe spins simultaneously

experience the applied test field and both independently
generate signals at the test frequency. To appear the Fano
resonance, a discrete-level system and a continuum-level
system should exist. In our case, 129Xe spins have a sharp
resonance line and thus can be seen as a discrete system,
whereas 87Rb spins have a broad resonance line and can be
approximated as a continuum system. The phase of 129Xe
induced signal changes rapidly near resonance, while the
phase of 87Rb signal varies slowly. Because of the phase
difference between their signals, the 129Xe induced and direct
87Rb signals interfere with each other and their interference
gives rise to the asymmetric line shape, where a destructive
interference occurs on the left and a constructive interference
occurs on the right side of the resonance [see Fig. 2(a)].
Notably, due to the destructive interference, the amplification
factor could be smaller than one when the scanning test
frequency is nearby Floquet transitions. A detailed theoreti-
cal model of Fano resonance is presented in the
Supplemental Material [31].
Because of the existence of a Fano resonance as

described above, the amplifier reduces the response to
the test field and can be adjusted to be insensitive to
environmental magnetic noise. We quantify the response
reduction under a different modulation index u. We set ν0 ≈
10.039 Hz and νac ≈ 13.000 Hz. The first-order sideband
frequency is at 2.971 Hz. When the modulation index u is
scanned from 3.44 to 3.66 by changing Bac, the amplifi-
cation factor is smaller than one, turning into a deampli-
fication regime. For example, the amplification reduces
down to η1 ≈ 0.2 when u ≈ 3.50, indicating that the
response of magnetic field noise can be suppressed by a
factor of about 5. As shown in the inset of Fig. 4, when the
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based magnetometer. The bias field and periodic driving field
are set as B0 ≈ 853 nT, Bac ≈ 178 nT, and νac ≈ 1.500 Hz. The
corresponding modulation index is u ≈ 1.4. The sensitivity is
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FIG. 4. Fano resonance in spin amplification. Black points
denote the measured amplification of the test-field signal at
2.970 Hz with the parameters of ν0 ≈ 10.039 Hz and νac ≈
13.000 Hz. The signal amplitude is suppressed by a factor of
5 when the modulation index is u ≈ 3.497. In the inset, the
129Xe-87Rb signals interfere with each other and their interference
results in suppressing amplification.
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effective field of 129Xe and test signal have different phase,
destructive interference occurs and noise suppression
appears. A similar mechanism of noise suppression has
been reported in a self-compensating comagnetometer
[40,48]. However, comagnetometers usually work for
suppressing adiabatically changing (low-frequency) mag-
netic noise, our amplifier provides the capability of
suppressing high-frequency magnetic noise. Although
insensitive to actual magnetic field in certain regimes,
our amplifier remains sensitive to some beyond-the-stan-
dard-model exotic fields that couple with only one of the
129Xe and 87Rb [10,12,13,49].
The present Floquet amplification can be used for a broad

range of applications in precision measurements. For exam-
ple, the application of Floquet amplification to magnetic
field sensing, which is capable of simultaneously measuring
fields at Floquet transitions, yields one order of magnitude
improvements over previously achievable detection band-
width [12,13]. Based on the demonstrations in this work, the
magnetic field sensitivity is in the range of tens fT=Hz1=2,
and can be further improved to aT=Hz1=2 level using the
K-3He system due to the longer 3He coherence time [12,13].
Our amplifier can be also applied to search for hypo-

thetical particles predicted by numerous theories beyond
the standard model [50,51], such as ultralight axions and
dark photons. These particles are predicted to couple with
standard model particles (such as nuclear spins) and behave
as an oscillating magnetic field [11,52], which can be
greatly amplified with our amplifier. As a result, it is
promising to improve the search sensitivity of axions and
dark photons with new limits beyond the astrophysical
ones. Importantly, to complete the searches for a full range
of particle masses, the traditional approaches have to
perform measurements and scan with a single bandwidth
[10–12,52–54], which is time consuming and limits exper-
imental searches. In contrast, our approach can simulta-
neously measure the exotic fields with multiple detection
bandwidths. We perform an experimental test and show that
the present Floquet-amplification technique speeds up the
total measurement time by a factor of about 3 (see
Supplemental Material [31] for details). Moreover, the
Floquet amplification provides an ideal way to distinguish
the exotic-field signal from spurious random noise with a
false-positive rate as low as ∼10−9.
In conclusion, we have reported a demonstration of spin

amplification on periodically driven (Floquet) 129Xe spins.
The successful combination of quantum amplification and
Floquet systems allows for observing a class of Floquet
amplification phenomena, which are not accessible in
previous studies. Our findings improve the detection
bandwidth by one order of magnitude and make it possible
to build a new type of quantum amplifiers that allow
simultaneously amplifying the electromagnetic wave at
multiple frequencies. Such properties of amplifiers will be
essential for low-energy searches for hypothetical particles

beyond the standard model [12,13]. Although demon-
strated for the 129Xe system, our scheme of Floquet
amplification is generic and can be applied to a wide range
of quantum amplifiers. For example, recent advances in
pentacene molecules [3,55] and nitrogen-vacancy defect
materials [1,2] have led to progress in areas of low-noise
room-temperature amplifiers. The combination of such
amplifiers and periodic driving (for example, with the
use of an oscillating magnetic field) could increase the
detection regimes that could find attractive applications in
cosmological observation and deep-space communications.
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