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Abstract: Critical quantum sensing achieves optimal precision while maintaining noise resilience. I present 

recent theoretical advances, and the first experimental demonstration of quantum metrological advantage with 
critical sensing protocols. 

 
Critical quantum sensing (CQS) is by now a well-established approach, based on quantum properties 

spontaneously developed in proximity of phase transitions. Theoretical studies and first experimental 
demonstrations show that a quantum-enhanced sensing precision can be achieved by exploiting phase 
transitions in many-body systems. It has been recently shown that CQS protocols can also be implemented using 
driven-dissipative phase transitions, where the thermodynamic limit is replaced with a rescaling of the system 
parameters. This class of phase transitions can emerge in small-scale systems, such as quantum resonators with 
atomic or Kerr-like nonlinearities, and it is of high theoretical and experimental relevance. 

 
Here, we discuss how optimal [1] CQS protocols can be implemented using a critical parametric resonator, 

without the need to implement and control complex many-body systems. We then show that a collective 
quantum advantage can be achieved in a multipartite CQS protocol using a chain of parametrical critical 
resonators [2]. Finally, we report on the first experimental implementation [3,4] of a driven-dissipative CQS 
protocol with a superconducting quantum resonator, with direct applications in magnetometry and 
superconducting-qubit readout. 

 
 

    
 
Fig. 1 Left panel: Estimation precision shows a peak at the critical point. The scaling of the maximum provides an 
experimental demonstration of critical quantum advantage. Right panel: Optical and SEM images of the superconducting 
device. Figures adapted from references [3] and [4] 
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FIG. 3. The quadratic dependence of the maximal precision
Pδmax,ss on L. The precision of the estimation Pδ,ss for scaling I
in Eq. (3) calculated as defined in Eq. (5). The error bars are cal-
culated using error propagation applied to Eqs. (5) and (6) (for
details, see Appendix B 1). The inset shows the maximal pre-
cision Pδmax,ss as a function of L. The gray line is a fit of the
data, demonstrating a quadratic dependence of Pδmax,ss on L. The
parameters are as in Fig. 2(a).

making a calibration of the gain value G unnecessary. Note,
however, that the error is not independent of namp and
increases as namp increases. Since

〈
n̂δ,ss

〉
∝ L [see the inset

of Fig. 2(a)], we introduce the precision of the estimation
Pδ,ss of δ

Pδ,ss = ("δss)
−2 ∝ Lβ , (6)

where β = 1 [= 2] is an upper bound for a classical [quan-
tum] resource [50] (see Appendix C). In Fig. 3, we plot
Pδ,ss for various values of L. We remark that by increas-
ing L, the estimation becomes more precise. Each curve
displays a maximum, occurring at δmax. In the inset, we
observe a quadratic dependence between the maximum of
the precision and L.

In the device used for this study, the Kerr nonlinearity
can be tuned via the flux bias in the range −13.86 kHz ≤
U/2π ≤ −5.58 kHz, corresponding to 0.66 ≤ L ≤ 1.64.
As anticipated above, to explore larger values of L, we
resort to scaling II in Eq. (4). Although we cannot inde-
pendently scale κ without affecting U, both δ and G can be
controlled by changing the frequency and amplitude of the
parametric drive, respectively.

We recall here that, given a set of reduced parameters
{δ̃, G̃, Ũ, κ̃} and a given value of L, the two scalings in
Eqs. (3) and (4) lead to different physical parameters. It is,
however, meaningful to compare the results for the same
rescaled parameters. Namely, we should compare

〈
n̂δ,ss

〉

versus δ for scaling I and
〈
n̂δ̃,ss

〉
versus δ̃ for scaling II.

Similarly, Pδ̃,ss = Pδ,ss for scaling I and Pδ̃,ss = Pδ/L,ss for
scaling II. In Fig. 9, we verify that the two scalings lead to
similar results both for the photon number and the preci-
sion upon the appropriate rescaling. The overlap of curves
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FIG. 4. For scaling II in Eq. (4): (a) the output photon number
at the steady state

〈
n̂δ̃,ss

〉
versus scaled detuning δ̃ for increasing L;

and (b) the precision Pδ̃,ss as a function of δ̃—the scaling of Pδ̃,ss
as a function of L for various points, including the optimal point
δ̃max for each L. (c) Pδ̃i,ss for δ̃i = δ̃max, δ̃i/2π = −0.23 MHz
and δ̃i/2π = −0.13 MHz. The solid gray line is a fit of the data
demonstrating quadratic dependence for Pδ̃max,ss, while the two
dotted light-gray lines linking the markers are included as visual
guide. (d) δ̃max as a function of L. The dotted light-gray line
linking the markers is included as visual guide. Error bars are
calculated as in Figs. 2(a) and 3. The error in (c) corresponds to
the size of a detuning step.

with identical values of L, but different scaling indicates
that scaling II can be used to qualitatively explore larger
values of L that cannot be reached in our device using
scaling I.

Therefore, we analyze the metrological properties of the
device for larger values of L for scaling II. In Fig. 4(a), we
plot the output photon number at the steady state, 〈n̂δ̃,ss〉,
observing the characteristics indicative of the onset of a
second-order DPT. In Fig. 4(b) we plot Pδ̃,ss and confirm
that the system gains in precision as it scales toward the
thermodynamic limit. In Fig. 4(c), we show the maximum
of Pδ̃max,ss as function of L; the data are in line with a
quadratic scaling, comparable to those observed in Fig. 3.
Also in Fig. 4(c), we plot Pδ̃i,ss for δ̃i/2π = −0.23 MHz
and δ̃i/2π = −0.13 MHz, highlighting the fact that the
optimal scaling is achieved around the optimal point δ̃max.
Finally, in Fig. 4(d), we show that as L increases, the differ-
ence between the critical point δ̃c and the point of maximal
precision δ̃max decreases, suggesting that the two will even-
tually coincide for large enough L. These data show the
enhanced-sensing capabilities of the parametrically driven
Kerr resonator and that this enhanced sensing occurs near
the critical point.
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V. DISCUSSION AND CONCLUSIONS

In classical pump-and-probe experiments, doubling the
pump power does not result in twice the precision. More
formally, as shown in Appendix C, it can be demonstrated
that a protocol based on a linear resonator driven by a
coherent drive achieves a maximal precision bounded by
Pδmax,ss ∝ 〈â†â〉, the number of photon in the resonator,
even when optimizing over all system and drive parame-
ters. This remains true even in the absence of any noise,
internal dissipation, or decoherence.

Our experiment is still pump-and-probe but we have
observed a quadratic scaling of the parameter-estimation
precision, Pδmax,ss ∝ L2 ∝ 〈â†â〉2. The key difference is
that the system is operated in the vicinity of the critical
point of a second-order dissipative phase transition. The
nonlinearity of the system and the parametric quantum
process that converts the external drive into a two-photon
pump make it possible to overcome the classical-precision
bound derived in Appendix C. Overcoming this bound
and maximizing the information per photon is essential in
many metrological experiments limited by a critical photon
number, such as in the dispersive readout of a qubit [80].
From a fundamental perspective, our experiment demon-
strates that quantum sensing protocols are a valuable tool
for characterizing the quantum nature of driven-dissipative
phase transitions. Technologically, our results pave the
way for the development of a new generation of optimal
quantum sensors [50] based on solid-state critical systems.
As sketched in Fig. 1, our sensing protocol can be used to
measure various physical quantities by choosing an appro-
priate dispersively coupled component. In the context of
superconducting circuits operating at cryogenic tempera-
tures, relevant examples include detecting magnetic fields
with a SQUID [91], forces with optomechanical devices
[92] and megahertz signals with longitudinally coupled rf
resonators [93–95]. Finally, this experimental demonstra-
tion might foster the implementation of critical-sensing
protocols in different contexts, such as atomic physics
[34,51] or nanoelectronics [49].

ACKNOWLEDGMENTS

We thank R. Puig I Valls, L. Peyruchat, A. Mercurio,
and V. Savona for useful discussions, and V. Jouanny, F.
Oppliger and F. De Palma for helping with the measure-
ment setup. P.S. acknowledges support from the Swiss
National Science Foundation (SNSF) through the grants
Ref. No. 200021_200418 and Ref. No. 206021_205335,
project UeM019-16 – 215928, and from the Swiss
State Secretariat for Education, Research and Innova-
tion (SERI) under contract number REF-1131 -52105/No
SEFRI M822.00081. P.S., F.M. and S.Fr. acknowledge
support from the EPFL Science Seed Fund 2021. M.S.
acknowledges support from the EPFL Center for Quantum
Science and Engineering postdoctoral fellowship. S.Fe.

acknowledges financial support from National Recovery
and Resilience Plan (PNRR) Extended Partnership (MUR)
project PE0000023-NQSTI, financed by the European
Union—Next Generation EU. R.D. acknowledges support
from the Academy of Finland through Grants No. 353832
and No. 349199. All devices were fabricated in the Center
of Micro-NanoTechnology (CMi) at EPFL.

APPENDIX A: DEVICE AND SETUP

1. Design and fabrication
The device consists of a 150-nm-thick aluminum layer

on a 525-µm-thick high-resistivity silicon substrate. It
features a coplanar waveguide resonator fabricated by
photolithography followed by wet etching. The nonlinear
resonator is grounded through two Al/AlOx/Al Josephson
junctions, forming a SQUID. The junctions are made by
e-beam lithography using a double-evaporation technique.
Further details on the fabrication can be found in Ref. [70].
In Fig. 5, we show an optical micrograph of the sample
used in the experiment, with an SEM enlargement of the
SQUID in the lower-left corner.

2. Experimental setup
The packaged sample is mounted in a high-purity cop-

per enclosure, thermally anchored at the mixing-chamber
stage of a BlueFors dilution refrigerator. A Nb-Ti coil
placed beneath the sample is connected to a Yokogawa

FIG. 5. Optical and SEM images of the device. A micrograph
of the device: a λ/4 resonator terminated by a SQUID on one end
and capacitively coupled to a feedline on the other. In the lower-
left corner, an SEM of the SQUID, formed by two Josephson
junctions (purple), is shown. The SQUID is galvanically con-
nected to the resonator (red) by a patch (blue). The upper part of
the flux line is visible beneath the lower patch. The enlarged area
corresponds to the red rectangle in the micrograph.
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