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Abstract

Squeezed light, a prominent non-classical state of light, exhibits reduced quantum noise in
one quadrature component below the standard quantum limit (SQL). The property enables
quantum-enhanced precision measurements, surpassing the SQL in quantum sensing appli-
cations. This review comprehensively introduces the fundamental concepts, classifications,
and experimental generation techniques of squeezed light. It further explores its pivotal role
and recent advances in diverse quantum sensing domains, including interferometry, gravi-
tational wave detection, magnetometry, force sensing, biomedical sensing, and quantum
radar. The review covers theoretical foundations of squeezed states (including quadrature
operators and classification schemes, experimental generation techniques in atomic ensem-
bles, nonlinear crystals, and fibers), fundamentals of quantum sensing with squeezed light
(from quantum noise theory to quantum-enhanced metrology), and quantum-enhanced
sensing applications across the aforementioned domains. Finally, future challenges and
opportunities in the field are discussed.

Keywords: squeezed light; quantum sensing; quantum information; quantum metrology

1. Introduction

As classical techniques approach fundamental limitations, quantum technologies are
demonstrating significant advantages across diverse domains [1,2]. Key applications lever-
age quantum resources—such as coherence [3], entanglement [4], and interference [5]—to
enhance sensitivity and resolution in sensing [6–8] and imaging [9,10], surpassing the
capabilities of classical methods. Beyond these core domains, quantum sensors enabled by
squeezed light hold promise for transformative applications in medical diagnosis, atmo-
spheric sensing, and navigation systems [6,8]. In healthcare, they facilitate early disease
detection through non-invasive imaging and biomarker identification, potentially revolu-
tionizing diagnostics [11]. For environmental monitoring, quantum sensors can identify
pollutants with unprecedented precision and contribute accurate data to climate models [7].
Furthermore, advancements in quantum sensing increasingly intersect with quantum
computing and communication, enabling hybrid systems for distributed networks and
enhanced information security [12].
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Many high-precision sensors utilize atomic systems with optical readout, where quan-
tum noise intrinsic to light–atom interactions imposes a fundamental constraint on mea-
surement accuracy, known as the standard quantum limit (SQL) [13,14]. In optical inter-
ferometry, for instance, vacuum fluctuations of the electromagnetic field manifest as a
dominant quantum noise source, establishing the SQL for phase measurement sensitivity,
which scales as 1/

√
N (where N is the average photon number) [15]. This represents the

optimal sensitivity typically attainable using classical light sources.
To surpass the SQL, non-classical states of light—including entangled states [16],

squeezed states [17], single-photon states [18], Schrödinger-cat states [19], and NOON
states [20]—have been developed and experimentally verified. Beyond enhanced metrol-
ogy, quantum light offers distinct advantages for quantum information processing, such
as increased information capacity, faster processing, and inherent security [21,22]. Fur-
thermore, foundational tests of quantum mechanics, including Einstein–Podolsky–Rosen
(EPR) entanglement [23], quantum non-locality [24], and Bell inequality violations [25], are
critically reliant on these non-classical states.

Among these, squeezed light is a quintessential non-classical state characterized by
quantum noise reduction below the SQL in one quadrature component. This unique
property makes it exceptionally promising for achieving quantum-enhanced sensitivity
in sensing applications [26–28]. Indeed, squeezed-light-enhanced measurements have
now been successfully demonstrated in diverse fields, including magnetometers [29,30],
phase estimation [31,32], gravitational wave detection [33,34], and quantum illumination
radar [28,35]. In quantum information, the complex photon number distributions inherent
to squeezed states provide computational advantages, exemplified in Gaussian boson
sampling [36]. Consequently, squeezed light is revolutionizing the achievable scales and
precision in both sensing [37,38] and imaging [39,40].

Motivated by the growing demand for precision beyond classical limits in fields like
astrophysics [41], biomedical diagnostics [42], and secure communication [43], this review
focuses on the pivotal role of squeezed light in advancing quantum sensing. We begin by
outlining the fundamental principles of squeezed states and detailing key experimental
generation methods, such as four-wave mixing (FWM) and polarization self-rotation (PSR)
in atomic ensembles, parametric down-conversion (PDC) in nonlinear crystals, and the
optical Kerr effect in fibers. Subsequently, we comprehensively survey applications in quan-
tum sensing, encompassing interferometry, gravitational wave detection, magnetometry,
bio-sensing, force sensing, radar, and ranging.

2. Principles in Squeezed Light

2.1. Basic Properties of Squeezed Light

The photon creation operator â† and the annihilation operator â are non-Hermitian
and therefore do not correspond to directly measurable observables in quantum mechanics.
The Hermitian quadrature operators, which represent the measurable amplitude and phase
components of the quantized electromagnetic field, are defined as



















X̂ =
â + â†

2

Ŷ =
â − â†

2i

(1)

In the Heisenberg picture, the time evolution of the annihilation operator for a mode
of frequency ω is given by the following:
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





â(t) = â · e−iωt

â†(t) = â† · eiωt
(2)

The quantized electric field for a monochromatic wave of frequency ω, wave number
k, and amplitude E0 can be expressed as

Ê(z, t) = 2E0 sin(kz)
[

X̂ cos(ωt) + Ŷ sin(ωt)
]

(3)

The fluctuations of the quadrature operators ∆X̂ = X̂ − ⟨X̂⟩ and ∆Ŷ = Ŷ − ⟨Ŷ⟩ are
constrained by the Heisenberg uncertainty principle:

〈

(∆X̂)2
〉〈

(∆Ŷ)2
〉

≥ 1
16

(4)

where ⟨(∆Ô)2⟩ denotes the variance of operator Ô. This implies that X̂ and Ŷ cannot
simultaneously have arbitrarily small uncertainties.

For both the vacuum state |0⟩ and a coherent state |α⟩, the quadrature variances reach
the minimum uncertainty product:

〈

(∆X̂)2
〉

=
〈

(∆Ŷ)2
〉

=
1
4

(5)

This minimum uncertainty level, inherent to coherent states and the vacuum, defines the
standard quantum limit (SQL) for phase and amplitude measurements using classical
light sources.

A squeezed state can be generated by applying the squeezing operator Ŝ(ξ) to a
coherent state (or the vacuum state). Here, ξ = reiθ is the complex squeezing parameter,
with r ≥ 0 representing the squeezing strength and θ ∈ [0, 2π) the squeezing angle
determining the quadrature axis of noise reduction. In a squeezed state, the variances of
the quadrature operators become



















〈

(∆X̂)2〉 =
e−2r cos2 θ + e2r sin2 θ

4

〈

(∆Ŷ)2〉 =
e−2r sin2 θ + e2r cos2 θ

4

(6)

Crucially, for specific phases (θ), the variance of one quadrature component (X̂ or Ŷ)
is reduced below the SQL value of 1/4, at the expense of increased noise in the conjugate
quadrature. This phenomenon, where quantum noise in one observable is “squeezed” be-
low the vacuum level, is the defining characteristic of squeezed light. Figure 1 illustrates the
phase-space representations of key states: (a, d) coherent state (circular noise distribution),
(b, e) phase-squeezed state (θ = π/2, noise reduced in Ŷ), and (c, f) amplitude-squeezed
state (θ = 0; noise reduced in X̂).

The noise redistribution property of squeezed light (Equation (6)) provides a critical
advantage for quantum sensing. By reducing noise in a specific quadrature below the SQL,
it enables parameter estimation precision beyond classical limits. For example, in phase
sensing, a phase-squeezed state suppresses noise in the measurement quadrature [44]. In ab-
sorption measurements, amplitude squeezing enhances intensity detection sensitivity [40].
This intrinsic noise engineering capability makes squeezed light superior to classical states
(such as coherent states of less structured light) for overcoming quantum noise barriers in
high-precision measurements, as will be demonstrated in Section 3 applications.
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(a) (b) (c)

(d) (e) (f)

Figure 1. Quantum noise characteristics in time and phase space. (a) Temporal quantum noise of a
coherent state (electric field amplitude vs. time). (b) Temporal quantum noise of a phase-squeezed
state. (c) Temporal quantum noise of an amplitude-squeezed state. (d) Phase-space representation
of a coherent state. (e) Phase-space representation of a phase-squeezed state. (f) Phase-space
representation of an amplitude-squeezed state.

2.2. Classification of Squeezed Light

2.2.1. Quadrature-Squeezed States

The coherent state is a minimum-uncertainty state with equal fluctuations in both
quadrature components (X̂ and Ŷ). A quadrature-squeezed state is defined as a state where
the variance of one quadrature component is reduced below the coherent-state level (i.e.,
below the SQL of 1/4), while satisfying the Heisenberg uncertainty principle by exhibiting
increased noise in the conjugate quadrature.

Based on the number of optical modes involved, quadrature-squeezed states are
categorized as single-mode squeezed states, two-mode squeezed states, and multimode
squeezed states.

Single-mode squeezed states are generated by applying the squeezing operator Ŝ(ξ)

to a single-mode coherent state:

|α, ξ⟩SMSS = D̂(α, α∗)Ŝ(ξ)|0⟩ (7)

where D̂(α, α∗) = exp(αâ† −α∗â) is the displacement operator, and Ŝ(ξ) = exp[(ξâ†2 − ξ∗â2)/2]
is the single-mode squeezing operator. Single-mode squeezed states in quantum optics
are typically generated through processes that reduce quantum noise in one quadrature of
the electromagnetic field at the expense of increasing it in the conjugate quadrature, often
using nonlinear optical interactions [45].

Two-mode squeezed states, also known as twin-beam or Einstein–Podolsky–Rosen
(EPR) entangled states, involve two independent optical modes, described by two inde-
pendent operators (â1 , â†

1 and â2 , â†
2) satisfying [âi, â†

j ] = δij (i, j = 1, 2). The two-mode
squeezed vacuum state is generated by

|ξ⟩TMSS = T̂(ξ)|0, 0⟩ (8)
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where T̂(ξ) = exp(ξ â†
1 â†

2 − ξ∗ â1 â2) is the two-mode squeezing operator. This state exhibits
quantum correlations between the modes. A displaced two-mode squeezed state is

|α1, α2, ξ⟩TMSS = D̂1(α1)D̂2(α2)T̂(ξ)|0, 0⟩ (9)

Two-mode squeezed states are produced by correlating quantum fluctuations between
two distinct optical modes, often spatial, temporal, or polarization modes, leading to
entanglement and squeezing in joint quadratures [46,47].

Multimode squeezed states extend squeezing and entanglement across more than two
modes, enabling scalable quantum networks [48] and enhanced metrology by distributing
quantum resources over frequency, time, or spatial domains [49].

2.2.2. Photon-Number-Squeezed States

The photon number operator n̂ and phase operator φ̂ are also a pair of conjugated
quantities, satisfying the Heisenberg uncertainty relationship:

⟨(∆n̂)2⟩⟨(∆φ̂)2⟩ ≥ 1
16

(10)

Photon-number-squeezed states have reduced photon number fluctuations ((∆n̂)2
< ⟨n̂⟩)

compared to the coherent states (which exhibit Poissonian statistics with (∆n̂)2 = ⟨n̂⟩).
Therefore, the photon number-squeezed light is referred to as sub-Poissonian light as well,
and can be generated via nonlinear processes (e.g., in a Mach–Zehnder interferometer with
Kerr nonlinearity [50,51]), offering potential advantages in low-noise communication.

2.2.3. Intensity-Difference-Squeezed States

The intensity-difference-squeezed state is a specific two-mode state where the variance
of the photon number difference operator ∆(n̂1 − n̂2)

2 falls below the SQL (which would
be the shot-noise level for two independent coherent states). Intensity-difference-squeezed
states exhibit strong quantum intensity correlations between the two modes (often called
“twin beams”). The twin beams are experimentally robust and show potential applications
in quantum imaging [52,53], quantum random number generation [54,55], and quantum
non-demolition measurements [56].

2.3. Experimental Generation of Squeezed Light

The experimental realization of squeezed states of light relies fundamentally on har-
nessing optical nonlinearities—predominantly second-order (χ(2)) and third-order (χ(3))
nonlinear processes—that arise during the interaction of intense light fields with various
media. Key platforms for generating squeezed light include atomic vapors, nonlinear
crystals, and optical fibers, with each one exploiting distinct physical mechanisms.

2.3.1. Atomic Ensembles

Dense atomic vapors provide a versatile medium for squeezed light generation primar-
ily through strong nonlinearities. The polarization self-rotation (PSR) effect and four-wave
mixing (FWM) process are two principal mechanisms that are employed.

1. Polarization self-rotation

When linearly polarized light propagates through an atomic vapor, quantum vac-
uum fluctuations in the orthogonal polarization component induce a weak nonlinear
birefringence. This effect, known as polarization self-rotation, redistributes quantum noise,
leading to quadrature squeezing in the initially unpopulated orthogonal polarization mode
(Figure 2a). Balanced homodyne detection (BHD), involving interference with a strong
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local oscillator field and phase scanning, is used to characterize the squeezed quadrature
variance. While theoretical models predict achievable squeezing levels near 6 dB in rubid-
ium vapor [57], experimental demonstrations using PSR have typically yielded around
3 dB of measured squeezing [58–60]. Recent advancements, such as the application of a
weak transverse magnetic field, have enhanced this performance, achieving 3.5 ± 0.2 dB
of directly measured squeezing (equivalent to 4.2 ± 0.2 dB after correction for optical
losses) [61].

(a) (b) (c)

(d)

Figure 2. Schematic diagram of several preparation methods for squeezed light. (a) The process
by which polarization self-rotation (PSR) leads to a vacuum-squeezed state. (b) Energy levels in
double-Λ shape in process of four-wave mixing (FWM). (c) Squeezing of a coherent state by the
nonlinear optical Kerr effect in quadrature phase space. (d) Experimental designs of optical parametric
oscillation (OPO) and optical parametric amplification (OPA).

2. Four-wave mixing

Resonant FWM processes leverage intense χ(3) nonlinearities near atomic transitions,
where two pump photons are annihilated to create correlated signal and idler photon pairs.
This process inherently generates two-mode squeezed states, manifesting as intensity-
difference squeezing between the signal and idler beams. The landmark experimental
demonstration of squeezed light by Slusher et al. in 1985 achieved 0.3 dB of squeezing
via cavity-enhanced FWM in sodium vapor [62]. A highly efficient configuration utilizes
the double-Λ atomic energy level scheme (Figure 2b), which has been extensively studied
in rubidium vapor. McCormick et al. utilized this scheme to demonstrate 3.5 dB of
intensity-difference squeezing [63], which subsequently improved to 8.8 dB through careful
optimization of pump and probe beam parameters [64]. Recent research has focused on
achieving stable squeezing at low frequencies, successfully demonstrating over 5 dB of
intensity-difference squeezing below 20 Hz in FWM-generated twin beams [40,65]. The
current record for squeezing generated within an atomic ensemble stands at 9.2 dB of
intensity-difference squeezing [66]. A significant challenge in resonant FWM is optical loss
due to atomic absorption [67,68]. Mitigation strategies include exploiting isotopic shifts
(e.g., generating 87Rb-resonant twin beams within a 85Rb vapor cell [69,70]) or employing
coherent population trapping (CPT) in metastable helium at room temperature [71]. CPT
creates a narrow transparency window within the absorption profile, enabling efficient
FWM near resonance by suppressing absorption losses.
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2.3.2. Nonlinear Crystals

Ferroelectric nonlinear crystals with large second-order (χ(2)) nonlinear coefficients en-
able highly efficient squeezed light generation through parametric down-conversion (PDC)
processes, typically implemented in resonant optical cavities. There are two primary config-
urations: optical parametric oscillation (OPO) and optical parametric amplification (OPA).

In OPO process, pump light is injected into a nonlinear crystal placed inside an optical
cavity operating below its oscillation threshold. The PDC process spontaneously generates
correlated signal and idler photons from the pump vacuum fluctuations, resulting in a
vacuum squeezed state at the output. The intensity difference between the signal and idler
modes exhibits quantum noise reduction below the shot-noise level.

However, during the OPA process, a seed beam (at either the signal or idler frequency)
is co-injected with the pump into the nonlinear medium within a cavity. The seed beam
experiences amplification, and the output constitutes a bright squeezed state. OPA circum-
vents the oscillation threshold requirement of OPO but often necessitates an optical cavity
to achieve sufficient nonlinear interaction strength for high squeezing levels.

Materials like magnesium oxide-doped lithium niobate (MgO:LiNbO3) and period-
ically poled potassium titanyl phosphate (PPKTP) exhibit exceptionally high nonlinear
conversion efficiencies. Continuous refinement of cavity-enhanced PDC techniques in these
crystals has driven a steady progression in achievable squeezing levels. The pioneering
work by Wu et al. demonstrated 3.5 dB of squeezing using MgO:LiNbO3 in a cavity [72].
Significant improvements followed, achieving 6.0 ± 0.25 dB [73] and 7 dB [74] of squeezing,
largely attributed to reductions in intracavity optical losses via improved crystal coating
and monolithic cavity designs. Further minimization of cavity losses and enhanced phase
locking stability allowed the observation of 9 dB squeezing [75]. The implementation of
cavity filtering techniques to suppress phase noise from the pump laser facilitated the
measurement of 10 dB squeezing [76]. Utilizing homodyne detectors with higher quantum
efficiency [77] yielded 11.6 dB of squeezing [78]. Advanced cavity configurations, such as
double-resonant OPA employing PPKTP crystals, achieved 12.7 dB squeezing [26]. The
current state-of-the-art stands at 15 dB of squeezing at 1064 nm [79], a wavelength that
is critically important for gravitational wave interferometers. Concurrently, significant
progress has been made in the telecommunications band (1550 nm) [80], where squeezing
levels exceeding 12 dB have been reported [81–83].

2.3.3. Optical Fibers

Squeezed light generation in optical fibers exploits the optical Kerr effect, a third-
order (χ(3)) nonlinearity. An intense coherent laser beam propagating through the fiber
induces an intensity-dependent nonlinear phase shift (self-phase modulation) via the Kerr
nonlinearity. This deterministic phase modulation redistributes quantum noise between the
field quadratures, potentially leading to quadrature squeezing in the output [84] (Figure 2c).
Optical fibers offer significant advantages, including low propagation loss over extended
interaction lengths and the absence of stringent phase-matching requirements inherent to
χ(2) processes. However, detrimental nonlinear effects, particularly stimulated Brillouin
scattering (SBS), introduce significant excess noise in response to high optical power and
limit the practically usable fiber length and pump intensity [85].

The initial realization in 1986 achieved 0.6 dB of squeezing using a 114 m fiber cooled
to 4.2 K and high-power continuous-wave (CW) laser light [86]. Employing pulsed lasers
instead of CW sources yielded 1.1 dB squeezing [87]. A compact setup on a 0.3 m2 platform
generated 2.4 dB of pulsed squeezing [88]. Using ultrashort pulses (140 fs full width at half
maximum—FWHM) in polarization-maintaining fiber enabled 6.8 dB squeezing [89]. The-
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oretical studies predict the potential for greater than 10 dB squeezing at 2 µm wavelengths
using specialized chalcogenide glass fibers designed for enhanced Kerr nonlinearity [90].

3. Fundamentals of Quantum Sensing with Squeezed Light

The strategic implementation of squeezed light in quantum sensing aims to circumvent
fundamental quantum noise limitations inherent in precision optical measurements. By
engineering non-classical correlations within the electromagnetic field, squeezed states
enable measurement sensitivities beyond the SQL. This section establishes a theoretical
framework detailing the quantum mechanical origins of measurement noise, elucidates the
physical mechanism through which squeezed light redistributes quantum fluctuations, and
quantifies the resultant metrological enhancement. Interferometric phase estimation serves
as our paradigmatic model throughout this exposition, given its centrality in quantum
metrology [91].

3.1. Quantum Noise in Optical Precision Measurements

Optical precision measurements encounter irreducible constraints imposed by quan-
tum mechanical uncertainties. Shot noise and vacuum fluctuation noise are two primary
noise manifestations that dominate.

Shot noise, arising from the Poissonian photon statistics of coherent states, establishes
the SQL for phase estimation. For a probe field containing ⟨n⟩ photons on average, the
minimum achievable phase uncertainty is constrained to ∆φSQL = 1/

√

⟨n⟩. The quan-
tum noise fundamentally stems from the discrete nature of photon detection events and
represents the ultimate sensitivity limit for classical light sources.

Concurrently, vacuum fluctuation noise imposes critical limitations in interferometric
architectures. When vacuum states enter unused optical ports—as occurs in balanced
interferometers—their quantum fluctuations propagate through beam-splitting transfor-
mations [92]. The vacuum quadrature variances ⟨(∆X̂)2⟩ = ⟨(∆Ŷ)2⟩ = 1/4, saturating
the Heisenberg uncertainty principle ⟨(∆X̂)2⟩⟨(∆Ŷ)2⟩ = 1/16, establish the SQL in such
configurations. These combined quantum noise sources impose fundamental sensitiv-
ity ceilings across diverse applications, from gravitational-wave interferometry [93,94] to
optical atomic clocks [95].

3.2. Noise-Reduction Mechanism of Squeezed States

Squeezed light overcomes SQL constraints through controlled redistribution of quan-
tum fluctuations across conjugate field quadratures. The quadrature operators described in
Equation (1) exhibit asymmetric variances in squeezed states:















〈

(∆X̂)2〉 =
e−2r

4

〈

(∆Ŷ)2〉 =
e2r

4

(11)

where r ≥ 0 denotes the squeezing parameter. The noise anisotropy preserves the Heisen-
berg uncertainty principle while enabling phase-dependent noise suppression.

The underlying mechanism for metrological enhancement is illustrated in interfer-
ometric configurations. Injection of a phase-squeezed vacuum (θ = π/2) into the dark
port replaces vacuum fluctuations with correlated noise [92]. Alignment of the squeezed
quadrature with the phase-sensitive output quadrature reduces its noise variance from
1/4 to e−2r/4. Consequently, the signal-to-noise ratio for phase-shift detection improves
without signal amplification, constituting a quintessential quantum advantage.
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3.3. Quantitative Enhancements and Limitations

The phase uncertainty achievable with squeezed-light injection is as follows:

∆φ =
e−r

√

⟨n⟩
(12)

yielding a quantum enhancement factor

Q =
∆φSQL

∆φ
= er (13)

Experimentally demonstrated squeezing levels of 10 dB (corresponding to r ≈ 1.15,
Q ≈ 3.2) provide significant sensitivity gains, approaching the Heisenberg limit
∆φ ∝ 1/⟨n⟩ [51] at the upper squeezing range.

However, squeezed light primarily addresses quantum noise and does not mitigate
classical sources (e.g., thermal noise [96] or mechanical vibrations [91]). Amplified noise
in the anti-squeezed quadrature may introduce artifacts, necessitating precise phase lock-
ing [97]. Practical systems also contend with optical losses [98], which dilute squeezing
and require optimization for net gains.

These principles establish the theoretical foundation for squeezed light’s transforma-
tive impact in quantum-enhanced metrology. Subsequent sections detail experimental
validations across gravitational-wave detectors [41], magnetometry [27], and biological
sensing [99], demonstrating the translation of these quantum advantages into functional
sensing platforms.

4. Applications in Quantum-Enhanced Sensing

The seminal theoretical work by Caves in 1981 established the foundation for squeezed
light in quantum metrology, proposing that injecting a squeezed vacuum into an interfer-
ometer’s unused port could replace vacuum fluctuations and thereby reduce measurement
noise below the standard quantum limit (SQL) [92]. This insight catalyzed the integration
of squeezed states into diverse quantum sensing architectures (as shown in Figure 3),
demonstrating significant enhancements across multiple domains.

From a quantum information perspective, squeezed light enhances sensing by in-
creasing the Fisher information (FI), which quantifies the amount of information about an
unknown parameter (e.g., phase or magnetic field) extractable from a measurement, often
leading to input/output gains that approach the Heisenberg limit [100,101]. The Holevo
bound, representing the ultimate limit on accessible information in quantum channels,
further elucidates how squeezed states mitigate information loss in noisy media, provid-
ing robustness at both extremes of sensing: maximal gain in ideal channels and superior
performance under decoherence [102,103]. For instance, in quantum channels, squeezed
light can yield up to 3 dB FI enhancement compared to coherent states, reducing estimation
variance [104]. As illustrated in Figure 4, which presents numerical simulations based on
theoretical scaling laws, panel (a) depicts FI as a function of photon number N (ranging
from 1 to 100), contrasting the linear scaling (FI ≈ N) for coherent states with the quadratic
scaling (FI ≈ N2) for squeezed states, highlighting the potential for enhanced precision in
parameter estimation. Panel (b) simulates the Holevo information under varying transmis-
sivity η (from 0 to 1), using simplified models such as −log2(1 − η) for coherent states and
−log2(1 − η2) for squeezed states, to demonstrate reduced information decay and thus
greater resilience to loss in squeezed-light scenarios.
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(a) (b)

(c) (d)

(e)

Figure 3. Quantum-enhanced sensing with squeezed light. (a) The experimental setup (left) for
implementing the phase change measurement using Mach–Zehender interferometer with squeezed
light. The signal and noise levels (right) are measured at the output field of the interferometer,
where the red trace is the shot noise limit while the black trace is the output noise power measured
with squeezed light. Adapted with permission from [105]. (b) Experimental setup of conventional
photonic-force microscopy, facilitating the use of amplitude-squeezed light to enhance measurement
sensitivity. Adapted with permission from [42]. (c) Experimental setup (left) of a squeezed-light
Bell–Bloom optically pumped magnetometer. The Sensitivity spectra (right) for the Bell–Bloom
magnetometer probe with coherent (blue) and squeezed light (green). Adapted with permission
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from [30]. (d) The complex ponderomotive optical squeezing spectrum produced by cavity optome-
chanics is sensed by synodyne detection. Adapted with permission from [106]. (e) A simplified
optical layout of the squeezed-light enhanced German-British detector GEO 600, which consists of
the conventional GEO 600 observatory and the additional squeezed-light source. Adapted with
permission from [107].

(a) (b)

Figure 4. Schematic illustrating the relation between squeezed light and quantum information
metrics in sensing. (a) Fisher information scaling for phase estimation, contrasting coherent states
(bounded by the standard quantum limit) with squeezed states (approaching Heisenberg-like poten-
tial). (b) Holevo bound under channel loss, depicting reduced information decay for squeezed inputs
versus classical light. This graphical representation highlights input/output gains and performance
under loss.

4.1. Interferometry

Interferometric precision, fundamentally limited by quantum noise, benefits pro-
foundly from squeezed light injection. Building on Caves’ proposal, early experimental
demonstrations by Xiao et al. [108] and Slusher et al. [109] achieved phase measurement
sensitivities surpassing the SQL within Mach–Zehnder and polarization interferometers,
reporting signal-to-noise ratio (SNR) enhancements of 3 dB and 2 dB, respectively. These
results validated the core concept of quantum noise suppression via squeezed vacuum.
Further theoretical and experimental advances explored the potential of non-Gaussian
states like NOON states to approach the Heisenberg limit in sensitivity [110,111]. A signifi-
cant development emerged with the SU(1,1) interferometer, where linear beam splitters
are replaced by nonlinear optical parametric amplifiers (OPAs). This configuration intrin-
sically amplifies the signal while maintaining noise levels, yielding a phase sensitivity
enhancement proportional to the interferometer gain [31,44]. Hudelist et al. experimen-
tally realized a nonlinear interferometer based on four-wave mixing (FWM), achieving
a 4 dB SNR enhancement and a sensitivity 1.6 times beyond the SQL [112]. Subsequent
innovations, such as replacing the second nonlinear interaction with balanced homodyne
detection (BHD), demonstrated remarkable resilience to optical loss, maintaining sensitivi-
ties exceeding the SQL by 4 dB even with 35% loss [113]. Practical implementations extend
to fiber-based systems, where Liu et al. utilized amplitude-squeezed light within a fiber
Mach–Zehnder interferometer to enhance low-frequency phase measurements by 2 dB [32].
Recent progress includes compact interferometers combining multiple OPAs, achieving
sensitivities approaching the Heisenberg limit [105], and investigations into broadband
squeezed light for suppressing vacuum noise across wider spectral ranges, highlighting the
importance of tolerance to detection inefficiency and detuning [114,115]. In interferometry,
squeezed inputs enhance FI by up to 6 dB in SU(1,1) configurations, yielding input/output
gains that improve phase sensitivity beyond SQL, even in lossy channels where Holevo
bounds indicate 20∼30% less information degradation compared to classical light [100,116].
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4.2. Gravitational Wave Detection

Large-scale interferometers like LIGO represent a paramount application where
squeezed light has transitioned from proof of principle to operational technology, di-
rectly impacting astrophysical discovery. The fundamental Michelson interferometer
design [117–119] saw its first quantum-enhanced sensitivity improvement (44%) through
squeezed vacuum injection demonstrated by Goda et al. in 2008 [93]. This paved the way
for the integration of squeezed light into advanced gravitational wave observatories. The
application of frequency-dependent squeezing, particularly at low frequencies (∼150 Hz),
is crucial for detecting specific classes of astrophysical events [33]. Successful deployments
in GEO600 and Virgo observatories, employing vacuum squeezing, expanded their obser-
vational range by a factor of 2 dB within the 3.7∼4.0 kHz band [107]. Advanced LIGO
and Virgo now routinely employ quadrature-phase-squeezed states to enhance detection
sensitivity across broad frequency bands, marking a milestone in applying quantum metrol-
ogy to macroscopic observatories [34,97]. Recent demonstrations achieving up to 6 dB of
quantum noise reduction underscore the ongoing potential for significant sensitivity gains
in kilometer-scale detectors [120]. Table 1 summarizes key achievements in gravitational
wave detection using squeezed light.

Table 1. Summary of sensitivity enhancements in gravitational wave detection using squeezed light.

Year Institution Squeezing Degree of Light (dB) Noise Suppression Reference

2008 LIGO 9.3 ± 0.1 44% improvement [93]
2011 GEO 600 10 3.5 dB [41]
2013 Advanced LIGO 10.3 ± 0.2 2.15 dB [33]
2013 GEO 600 10 2.0 dB within 11 months [107]
2019 Virgo 10 3.2 ± 0.1 dB [97]
2019 LIGO O3 7.3 ± 0.3 2.7 ± 0.1 dB [34]
2020 Advanced Virgo 12.0 5 ∼ 8 dB [121]
2021 GEO 600 10 6.03 ± 0.02 dB [120]
2023 LIGO O4 16.9 ∼ 17 4.0 ∼ 5.8 dB [94]
2024 LIGO 17.4 3 dB [122]

4.3. Magnetometry

Quantum magnetometers, surpassing traditional fluxgate devices [123–125], face fun-
damental limits imposed by atomic spin projection noise (SPN) and photon shot noise
(PSN) once classical noise sources are suppressed [126–128]. Squeezed light offers a path-
way to overcome these quantum limits. Initial theoretical analyses by Kupriyanov et al.
suggested squeezed light could enhance sensitivity in optically pumped magnetometers
(OPMs) operating in phase-sensitive modes [129]. Petersen et al. later demonstrated
theoretically that finite-bandwidth squeezed probe light could improve magnetic field
variance estimates [130]. Experimental validation followed, as demonstrated in Table 1.
Wolfgramm et al. achieved a 3.2 dB noise reduction below the SQL in Faraday rotation
measurements using polarization-squeezed light at the Rb D1 line, corresponding to a
sensitivity of 4.6 × 10−8 T/Hz1/2 [27]. Horrom et al. developed an all-optical quantum-
enhanced magnetometer using two atomic cells, observing ∼2 dB of noise reduction across
a wide bandwidth (100 Hz to MHz) and identifying an optimal atomic density regime below
which squeezing provides a clear advantage, potentially hindered at higher densities by
atomic absorption and back-action noise amplification [29]. Otterstrom et al. demonstrated
a compact, single-cell approach utilizing FWM to generate two-mode intensity-difference
squeezing intrinsically linked to nonlinear magneto-optical rotation (NMOR), achieving
4.7 dB of quantum noise reduction and improving sensitivity from 33.2 pT/Hz1/2 to
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19.3 pT/Hz1/2 [131]. Subsequent work explored the interplay between squeezing and noise
in amplitude-modulated NMOR, confirming a 15% quantum enhancement despite overall
sensitivity trade-offs [132,133]. Microcavity optomechanical magnetometers have also ben-
efited, with Li et al. showing a 20% sensitivity improvement (peak sensitivity 30 pT/Hz1/2)
using phase-squeezed light to suppress PSN [134]. A significant advancement by Troulli-
nou et al. involved applying polarization-squeezed light to a Bell–Bloom magnetometer,
achieving back-action evasion by shunting associated anti-squeezed noise into an unmea-
sured spin component. This resulted in a 17% quantum enhancement (500 fT/Hz1/2)
and demonstrated the potential for sub-pT/Hz1/2 sensitivities, later optimized further by
density tuning [30,135,136]. Studies also indicate that self-generated squeezing during
magnetic sensing may not always be beneficial, with optimal sensitivity sometimes occur-
ring at probe powers below the squeezing threshold [137]. Recent approaches combine
spin-squeezed atomic ensembles (Bose–Einstein condensates) with externally generated
resonant squeezed light, achieving high sensitivities (6.2 pT/Hz1/2) in compact areas [138].
Squeezed light also enhances spin noise spectroscopy, improving the SNR of Faraday
rotation-based spin noise spectra by up to 2.6 dB [139,140] and boosting the sensitivity of
single-beam magnetometers from 28.3 pT/Hz1/2 to 19.5 pT/Hz1/2 [141]. Furthermore, Wu
et al. demonstrated a quantum gradiometer using entangled twin beams within an NMOR
scheme, suppressing common-mode magnetic noise and PSN to achieve an impressive
gradient sensitivity of 18 fT/cm/Hz1/2 in noisy environments, with a 5.5 dB PSN reduction
at 20 Hz [142]. Table 2 summarizes key achievements in magnetic field measurement using
squeezed light.

Table 2. Summary of magnetic field measurement sensitivity using squeezed light.

Year Institution
Squeezing Degree of

Light (dB)
Noise Suppression

(Sensitivity) *
Reference

2010 ICFO (Spain) 3.6 32 pT/Hz1/2 [27]
2012 College of William and Mary (USA) 2.0 ± 0.35 2 pT/Hz1/2 [29]
2014 Brigham Young University (USA) 4.5 ± 0.1 19.3 pT/Hz1/2 [131]
2015 College of William and Mary (USA) 3.5 ∼ 4 2 dB [132]
2018 University of Queensland (Australia) 2.2 29.2 nT/Hz1/2 [134]
2021 ICFO (Spain) 1.9 500 fT/Hz1/2 [30]
2021 Shanxi University (China) 4.0 ± 0.3 19.5 pT/Hz1/2 [141]
2021 Gakushuin University (Japan) – 6.2 pT/Hz1/2 [138]
2021 Fudan University (China) 1.9 > 200 fT/Hz1/2 [137]
2022 College of William and Mary (USA) 2.0 > 250 pT/Hz1/2 [133]
2023 Shanghai Jiao Tong University (China) 7.0 18 fT/cm/Hz1/2 [142]
2025 Ariel University (Israel) 3.5 1 pT/Hz1/2 [143]

* Sensitivity units are given in tesla per square root hertz (T/Hz1/2), with prefixes: n = nano (10−9), p = pico

(10−12), f = femto (10−15).

4.4. Biomedical Sensing

Squeezed light is emerging as a powerful tool for enhancing optical microscopy and
spectroscopy in life sciences [144]. By replacing classical light with quadrature-amplitude-
squeezed states, the sensitivity of techniques like laser microimaging can be substantially
improved, providing higher signal-to-noise ratios (SNRs) at lower photon fluxes, thus
mitigating photodamage [96]. This is particularly impactful for stimulated Raman scat-
tering (SRS) microscopy. Both continuous-wave and femtosecond-pulsed squeezed light
have been employed to enhance the SNR of SRS signals [145,146]. Casacio et al. provided
a critical benchmark, demonstrating that while classical light provides the highest SNR
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at the biological damage threshold power, picosecond-pulsed amplitude-squeezed light
offers a 1 dB SNR enhancement in SRS imaging of yeast cells below this threshold, en-
abling quantum-enhanced microscopic visualization [147]. Beyond spectroscopy, squeezed
light improves spatial resolution. Taylor et al. achieved sub-diffraction-limited quantum
imaging within living cells, showing a 14% resolution enhancement compared to classical
resources [42]. In microrheology experiments inside yeast cells, squeezed light reduced
amplitude noise by over 42% relative to the quantum noise limit [99]. Exploring quantum
correlations further, Villabona-Monsalve et al. utilized entangled photon pairs to study
entangled two-photon absorption (ETPA) in flavoproteins, highlighting the potential of
quantum light for novel fluorescent sensing modalities [148]. Table 3 summarizes key
achievements in biomedical sensing using squeezed light.

Table 3. Summary of sensitivity enhancements in biomedical sensing using squeezed light.

Year Institution
Squeezing Degree

of Light
Noise Suppression Reference

2013 University of Queensland (Australia) 75% below SNL 42% improvement [99]
2014 University of Queensland (Australia) 10 dB 14% enhancement [42]
2020 Oak Ridge National Laboratory (USA) 5 dB 3 dB [149]
2020 Technical University of Denmark (Denmark) 7 dB 3.6 dB SNR improvement [145]
2020 University of Oxford (UK) – 0.3 dB [146]
2021 University of Queensland (Australia) 1.4 dB 35% SNR improvement [147]

4.5. Force and Displacement Sensing

Optomechanical systems for force and displacement measurement are fundamentally
limited by shot noise and radiation pressure noise (RPN) [106,150,151]. Squeezed light
injection provides a direct route for surpassing these limits. Theoretical proposals sug-
gest optical parametric amplification (OPA) within cavities can generate squeezed states
for high-precision displacement measurement by attenuating quantum noise in specific
quadratures [152]. OPA-assisted dissipative optomechanical systems offer enhanced weak
force detection sensitivity [153] while also facilitating improved mechanical mode cooling,
squeezing [154,155], and enhanced optomechanical coupling [156,157]. Experimentally, in-
jecting squeezed vacuum into cold atomic ensemble optomechanical systems enables force
detection below the SQL [37]. Hybrid configurations, employing squeezed light alongside
quantum noise cancellation techniques, further increase force sensitivity beyond fundamen-
tal limits [158,159]. Practical demonstrations include using phase-squeezed light to improve
mirror position and momentum estimation accuracy by 15% and 12%, respectively [160],
and theoretical analyses quantifying the quantum Fisher information enhancement for force
sensing in squeezed-vacuum-driven optomechanical systems [161]. Table 4 summarizes
key achievements in force and displacement sensing using squeezed light.

Table 4. Summary of sensitivity enhancements in force and displacement sensing using squeezed light.

Year Institution Squeezing Degree of Light Noise Suppression Reference

2013 University of Colorado (USA) 32% below SNL 1.7 ± 0.2 dB [162]
2013 University of Tokyo (Japan) 3.62 ± 0.26 dB 3.28 ∼ 3.48 dB [160]
2018 Aalto University (Finland) 10 dB 1.1 ± 0.4 dB [150]
2020 Northwestern University (USA) 12 dB 0.7 ± 0.1 dB [151]
2023 University of Arizona (USA) 4 dB 2.0 ± 0.2 dB [157]
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Table 4. Cont.

Year Institution Squeezing Degree of Light Noise Suppression Reference

2023 University of Arizona (USA) 10 dB
acceleration noise of

2× 10−11 m/s2/Hz1/2 [38]

2024 Hunan Normal University (China) – 3 orders enhancement [122]
2024 University of Vienna (Australia) 5 dB 5 µrad/s [159]

4.6. Quantum-Enhanced Radar and Ranging

Quantum radar concepts exploit entangled or squeezed light to potentially achieve
target detection and ranging sensitivities beyond the SQL, approaching the Heisenberg
limit (∆φ ≈ 1/N). Early theoretical work proposed combining squeezed-vacuum injection
(SVI) with phase-sensitive amplification (PSA) to improve the resolution of laser detec-
tion and ranging (LADAR) systems, overcoming the limitations of balanced homodyne
detection (BHD) efficiency and enhancing signal SNR, spatial resolution, and ranging
accuracy [28,163]. Subsequent experimental efforts by Bi et al. utilized quantum phase-
sensitive amplification based on SVI to compensate for photon loss, demonstrating a
1.71-fold resolution improvement [39]. Practical deployment faces challenges like atmo-
spheric turbulence degrading entanglement. Masada addressed this by developing and
verifying an entanglement quantification method for dual-mode squeezed light sources
under loss, observing significant squeezing and anti-squeezing levels [164,165]. Theoretical
analyses indicate that substantial squeezing (e.g., 8 dB) could improve the SNR of quantum
LADAR by factors exceeding 6, offering higher spatial resolution [35]. Laboratory imple-
mentations of quantum two-mode squeezing (QTMS) radar using microwave-frequency
entangled signals generated by Josephson parametric amplifiers (JPAs) have been real-
ized [166], with simulations suggesting that engineered JPAs (EJPAs) could provide an
additional 6 dB SNR improvement over conventional QTMS radar designs [167].

4.7. Atomic Clocks and Fundamental Physics Searches

Optical atomic clocks represent the pinnacle of quantum sensor precision, achieving
frequency stabilities that do not deviate by more than one second over billions of years [168].
These devices leverage atomic transitions as frequency references and are instrumental in
probing fundamental physics, including searches for new forces, tests of General Relativity
foundations, dark matter detection, and gravitational wave sensing [169,170]. Squeezed
light plays a critical role in enhancing these clocks by reducing quantum mechanical pro-
jection noise, which limits measurement accuracy in coherent atomic ensembles [33,171].
While entangled atoms have been used to improve stability [172], squeezing offers a com-
plementary pathway to surpass the projection noise limit, enabling Heisenberg-limited sen-
sitivities [173]. Recent advancements demonstrate that spin-squeezed states can entangle
atoms, correlating their quantum states to minimize noise and boost clock precision [174].
For instance, hybrid quantum-classical atomic clocks utilizing weakly squeezed states have
approached Heisenberg-limited performance [95]. These enhancements not only refine
timekeeping but also amplify the clocks’ utility in detecting subtle spacetime variations
associated with dark matter or gravitational waves [175]. Entanglement-enhanced quantum
metrology, as detailed in comprehensive reviews [176], underscores the synergy between
squeezing and entanglement for achieving sensitivities beyond the standard quantum limit.

5. Outlook and Future Perspective

Squeezed light, a cornerstone non-classical state of the optical field, has emerged as
a transformative quantum resource for advancing quantum sensing technologies. This
review has synthesized key experimental methodologies for generating squeezed states
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and highlighted their deployment across diverse applications—from surpassing standard
quantum limits in interferometry and gravitational wave detection to achieving quantum-
enhanced sensing and imaging.

While contemporary squeezed-light sources now achieve remarkable squeezing levels
exceeding 12 dB and are progressing toward commercialization [177], significant challenges
persist in fully harnessing their potential for sub-shot-noise sensing. Simply substituting
classical coherent light sources with squeezed states rarely yields optimal performance
without addressing context-specific quantum-classical noise trade-offs. This limitation is
acutely evident in ultra-sensitive applications such as spin-exchange relaxation-free (SERF)
magnetometers, where femtotesla-scale sensitivities [126,178] demand meticulous man-
agement of optical losses, back-action noise, and decoherence pathways. The integration
of squeezed light into such systems necessitates rigorous theoretical modeling to identify
operating regimes where quantum advantages outweigh inevitable compromises in signal
fidelity or bandwidth.

Looking forward, the maturation of squeezed-light technologies hinges on overcoming
three interconnected frontiers:

1. Loss Mitigation: Developing low-loss optical interfaces and novel materials to pre-
serve squeezing fidelity in real-world environments;

2. Bandwidth Scalability: Engineering broadband squeezed sources compatible with
dynamic sensing and high-rate quantum communication;

3. Hybrid Architectures: Combining squeezed states with discrete-variable or spin-based
platforms to exploit complementary quantum advantages.

As these advances converge, squeezed light will transition from laboratory demonstrations
to enabling technologies for quantum-enhanced metrology, fault-tolerant computation,
and distributed quantum networks—ultimately redefining the boundaries of precision
measurement and information processing [43,179,180].
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