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Harmonic oscillators belong to the most fundamental concepts in physics and are central to many current
research fields such as circuit QED, cavity optomechanics, and photon pressure systems. Here, we engineer
a microwave mode in a superconducting LC circuit that mimics the dynamics of a negative mass oscillator,
and couple it via photon pressure to a second low-frequency circuit. We demonstrate that the effective
negative mass dynamics lead to an inversion of dynamical backaction and to sideband cooling of the low-
frequency circuit by a blue-detuned pump field, which can be intuitively understood by the inverted energy
ladder of a negative mass oscillator.

DOI: 10.1103/PhysRevLett.132.203603

The harmonic oscillator (HO) is one of the most
fundamental models in physics and can be used to describe
many kinds of systems, most prominently mechanical
oscillators and electrical resonant circuits, but also optical
cavities, acoustic crystal vibrations, or collective spin
oscillations in magnets. HOs also play a crucial role for
the development of quantum technologies, of which some
of the most relevant are circuit quantum electrodynamics
(cQED) [1,2] and cavity optomechanics [3,4] as well as its
cQED equivalent, photon pressure systems [5–7]. In nearly
all experimental cases HOs have a positive “mass” (positive
capacitance in LC circuits). Note that we use the term
“mass” in a generalized sense, i.e., for any quantity that
describes the inertia of the HO. However, in addition to
theoretical considerations [8–13] there have been exper-
imental reports of effective negative mass HOs realized
through spin ensembles [14–17], through the common
modes of two micromechanical oscillators [18], and in
multimode electromechanical systems [19]. In these works,
the negative mass has fascinating practical consequences
such as providing quantum-mechanics-free or backaction-
free subspaces [11] and enabling entanglement between
distinct oscillators [14,18]. Despite these promising per-
spectives, it is very challenging to experimentally realize
negative effective mass oscillators, and new approaches are
under investigation [20].
Here, we present a simple method to create an effective

negative mass HO which only requires a Kerr nonlinearity
and is therefore not limited to specific platforms. The
effective negative mass HO is prepared by strongly driving
a weakly nonlinear superconducting LC circuit, which
leads to a susceptibility inversion compared to the positive
mass case. Similar driving schemes in nonlinear systems
have lately been implemented with both LC circuits and

mechanical oscillators [21,22], but it has not been dem-
onstrated yet that such an approach creates a dynamically
stabilized analog of a negative mass mode. The integration
of this mode into a photon pressure device allows us to use
the interaction with a low-frequency (LF) circuit as a probe
for the effective mode mass through dynamical backaction.
Most strikingly, we find that dynamical backaction effects
get inverted compared to positive mass modes, which leads
to sideband cooling of the LF circuit by a blue-detuned
pump field.
To explore the (classical) phenomenology of a negative

mass HO, we consider the susceptibility χmðωÞ, which
describes the response of a low-loss mechanical oscillator
with mass m to an external excitation FexðωÞ in frequency
space

χmðωÞ ¼
1

2mω0

1
κ
2
þ iðω − ω0Þ

; ð1Þ

i.e., xðωÞ ¼ −iχmðωÞFexðωÞ. Here, ω is the excitation
frequency, ω0 is the resonance frequency, and κ is the
oscillator decay rate. With a negative mass, however, one
obtains a HO with a susceptibility χ−ðωÞ ¼ −χþðωÞ, where
χþðωÞ is the susceptibility of a positive mass oscillator [23].
At first glance, this may not look particularly striking, as it
introduces only a phase shift of π compared to a positive
mass oscillator, but it is the essence of an effective negative
mass [23]. Below, we will demonstrate that integrating such
an inverted susceptibility oscillator and its corresponding
phase-shifted response into a system of photon pressure
circuits leads to dramatic consequences in the interaction of
the two circuits.
Before we dive into the details of our experiment, we

introduce a suceptibility expression for a more general HO:
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χGðωÞ ¼
G

κ
2
þ iðω − ω0Þ

: ð2Þ

Here, we have chosen a convention without the prefactor
1=ð2mω0Þ of Eq. (1), but added a dimensionless parameter
G in the numerator, which becomes negative for a negative
mass oscillator. The case G > 1 represents intracavity
amplification, recently considered in Ref. [24], and here
we explore the implications of G < 0.
Our device combines a superconducting radio-frequency

(RF) circuit with a high-frequency (HF) quantum interfer-
ence circuit, which are coupled to each other via a magnetic
flux-tunable photon pressure interaction, cf. Figs. 1(a), 1(b)
and Refs. [24,25]. The RF circuit has a resonance fre-
quency Ω0 ¼ 2π × 452 MHz and a linewidth Γ0 ¼ 2π×
45 kHz. The undriven HF cavity has a resonance frequency
of ωc ¼ 2π × 7.211 GHz, and a total (external) linewidth
of κ ¼ 2π × 420 kHz (κe ¼ 2π × 78 kHz). We flux bias
the device at an operation point with a single-photon
coupling rate g0 ¼ 2π × 175 kHz and an HF cavity Kerr
constant K ¼ −2π × 6.6 kHz, which originates from the
integrated constriction-type Josephson junctions. All
experiments have been conducted in a dilution refrigerator
at a base temperature of Tb ≈ 15 mK. More details can be
found in Refs. [24,25].
Without any particular measures, the HF cavity displays

G ¼ 1. To obtain G < 0 we use the HF mode Kerr non-
linearity. A strong near-resonant drive tone leads to the
appearance of two quasimodes in the probe response of the
system [21,26]. The response of one of the modes is
equivalent to G > 1 (the signal mode at ωs), and the second

mode shows G < 0 (the idler mode at ω0); cf. Fig. 1(c), (d).
The idler mode is closely related to Bogoliubov ghost
branches observed in condensates and quantum fluids
[27–31], and so another suitable name for it would be ghost
mode. The origin of this double-mode response is four-wave
mixing and parametric amplification [21]. The probe reflec-
tion near ω0 is given by

S11ðω ≈ ω0Þ ¼ 1 − κeχG ¼ 1 −
κeG

κ
2
þ iðω − ω0Þ

ð3Þ

with G ¼ −0.35, κ ¼ 2π × 290 kHz, and ω0 ¼ 2π ×
7.211 GHz (the smaller κ compared to the undriven case
ismost likely related to saturation of two-level systemsby the
drive [24,32]). Although both G > 1 and G < 0 can lead to a
resonance peak in the reflection response, the interpretation
behind it is fundamentally different. For G > 1 the peak
arises from amplification of the intracavity field, for G < 0
from a phase shift of π, which is equivalent to a negativemass
HO [23].
The negative-mass-inverted susceptibility, however, is not

limited to an apparent effect in the reflection response to a
probe tone. Sideband fields from an additional photon
pressure pump tone will also experience the effective inver-
sion. In the followingwewill consider the driven systemwith
an additional photon pressure pump tone applied at the blue
idler-mode sideband ωp ¼ ω0 þΩ0; cf. Fig. 2(a). We will
alsowork in a reducedHFmode space, where all we consider
is a single generalized mode with G < 0. The linearized and
approximated equations of motion in Fourier space for the
intracavity field fluctuation ĉ; ĉ† and the RF mode amplitude
b̂; b̂† ladder operators then are [23,24]

(a) (b)

(c)

(d) (e)

FIG. 1. Engineering an effective negative mass microwave mode in a strongly driven photon pressure circuit. (a) Circuit schematic.
Linear inductances and capacitances are L;CHF ¼ 2C; LRF; CRF, the single-photon coupling rate is g0, and the HF mode is coupled to a
feedline by means of a coupling capacitance Cc. The HF circuit is driven with a strong, near-resonant tone at ωd and with power Pd, and
simultaneously the reflection response S11ðωÞ is tracked with a small probe signal. (b) Images of the device. Bright parts are aluminum,
dark and transparent parts are silicon. Inset: scanning electron microscopy (SEM) image of the coupling region. Junctions are labeled
with LJ, loop inductance by Ll, and the RF mode current is indicated by IRF. In the SEM image darker parts are Al, brighter parts Si.
(c) Reflection S11 both without and with strong drive in direct comparison; lines are fits. Undriven curve is offset by þ12 dB. The
undriven resonance frequency is ωc, and the driven response shows two modes at ωs and ω0. (d) Real and imaginary parts of the mode
susceptibilities χG of the two modes at ωs and ω0 vs their corresponding detunings Δ0;Δs. Lines are fits with Eq. (2). (e) Potential and
energy levels of a positive mass (G > 0, top) and a negative mass (G < 0, bottom) HO.
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ĉ
χG

¼ −ig−b̂† þ
ffiffiffiffi

κe
p

ξ̂e;eff þ
ffiffiffiffi

κi
p

ξ̂i;eff ð4Þ

b̂†

χ̄0
¼ ig�−ĉþ

ffiffiffiffiffi

Γe

p

ζ̂†e þ
ffiffiffiffi

Γi

p

ζ̂†i ; ð5Þ

where χ̄−10 ¼ Γ0=2þ iðΩþ Ω0Þ is the RFmode susceptibil-
ity, Ω ¼ ω − ωp is the frequency relative to the pump tone,
κe; κi and Γe;Γi are the external and internal coupling rates of
the circuits to their corresponding baths, and ζ̂e;i are the noise
input operators for the RF mode following hζ̂†e;iζ̂e;ii ¼ nRFe;i .
The multiphoton coupling rate is g− ¼ γ−g0 with the side-
band pump intracavity amplitude γ−, related to the intracavity
pump photon number n− through n− ¼ jγ−j2 [33].
We combine Eqs. (4) and (5) to find the effective RF

mode susceptibility, and what we get looks formally
identical to the usual blue sideband pumped system with

χ̄eff0 ðΩÞ ¼ 1
Γ0

2
þ iðΩþ Ω0Þ − jg−j2χGðΩÞ

: ð6Þ

When pumping exactly on the blue sideband, the complex
eigenfrequencies Ω̃� of this susceptibility are given by

Ω̃� ¼−Ω0þ i
κþΓ0

4
� i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

κ−Γ0

4

�

2

þGjg−j2
s

; ð7Þ

obtained through the condition χeff0 ðΩ̃Þ−1 ¼ 0.
As long as the coupling is not too large ½ðκ − Γ0Þ=4�2 >

−Gjg−j2, the expression under the root will be > 0, and the
twomodes (RF andHF)will just displaymodified linewidths
Γeff and κeff given by 2ImðΩ̃�Þ. Hence, the effective RF
linewidth Γeff will indeed increasewith increasing jg−j in the
case that G < 0; we obtain blue-sideband-pumped positive
dynamical backaction damping. The result is also in excel-
lent quantitative agreement with the experimental data; cf.
Fig. 2. The phase shift of π in the susceptibility implies that
for a blue-detuned pump the intracavity field is not adjusting
in a way which amplifies the RF oscillation as in a regular
cavity, but in a way that opposes the RF “motion” and is
therefore reducing its amplitude.
For even stronger pumping −Gjg−j2 > ½ðκ − Γ0Þ=4�2 the

square root in Eq. (7) becomes imaginary, and we find two
distinct resonance frequency solutions with identical damp-
ing rates ðκ þ Γ0Þ=2. We witness the onset of normal-mode
splitting, and for slightly larger jg−j even the onset of the
strong-coupling regime [7,34,35] [splitting larger than
ðκ þ Γ0Þ=2], cf. Figs. 2(d) and 2(e), which is something
that could not happen with G > 0 for blue-detuned pumping.

(a) (b)

(c)

(e)

(d)

FIG. 2. Dynamical backaction inversion and normal-mode splitting with an effective negative mass microwave mode. (a) Schematic of
the experiment. A pump tone (power Pp) is applied at ωp ¼ ω0 þΩ0 þ δ. A small probe field tracks S11 around ω0. (b) S11 vs
Δ0 ¼ ω − ω0 for different Pp and δ ¼ 0. The cavity resonance peak displays photon pressure induced absorption, an interference effect
equivalent to optomechanically induced absorption. From the fits (lines), we obtain Γeff and κeff , respectively, which are plotted in panel
(c) vs g− ¼ ffiffiffiffiffiffi

n−
p

g0 with n− the intracavity pump photon number. Details can be found in the Supplemental Material [23]. Symbols are
data, and lines are following Eq. (7). The onset of normal-mode splitting is labeled with NMS. (d) S11 vs Δ0 ¼ ω − ω0 and δ. The arrow
indicates the linescan shown in (e). The splitting between the modes for δ ¼ 0 is ∼2

ffiffiffiffiffiffijGjp jg−j ≈ 2π × 500 kHz > κ;Γ0 and indicates the
strong-coupling regime. For panels (d) and (e) the HF cavity was driven with slightly different parameters and G ¼ −0.21 [23].
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Finally, we demonstrate that the inverted dynamical
backaction also leads to blue-detuned sideband cooling
of the RF mode. For this experiment, we put again a pump
to the blue sideband of the negative mass HF mode and
detect the HF mode output noise with a spectrum analyzer;
cf. Fig. 3(a). From the observed power spectral density
(PSD), cf. Fig. 3(b), we can infer the occupation of both,
the HF mode and the RF mode by fitting the PSD in units of
quanta [23]. For this, we assume the unpumped thermal
occupation of the HF mode to be negligible. The result
reveals that indeed the RF mode is sideband cooled by the
blue-detuned pump tone; cf. Figs. 3(c) and 3(d). The
starting residual occupation is nRFth ∼ 13.5, and the cooling
reduces this to nRFfin ∼ 3.5. At the same time, the effective HF
mode occupation is increased from its effective occupation
without the cooling tone ñHFth ∼ 0.5 to nHFfin ∼ 1. For the limit
g− → ∞ we get nRFlim > nHFlim and not nRFlim ¼ nHFlim as expected
for standard photon pressure and optomechanical systems
[25,36,37]. The reason behind this asymmetry is nonre-
ciprocal heat transfer due to jGj ≠ 1 as also discussed
in Ref. [24].
There is a simple level-diagram interpretation of this

blue-detuned cooling with an effective negative mass
reservoir. In a negative mass mode adding one excitation

corresponds to lowering the energy by ℏω0 [8]. The
sideband transition jnHF; nRFi → jnHF þ 1; nRF − 1i, which
leads to cooling of the RF mode, has the energy ℏðω0 þ
Ω0Þ [cf. Fig. 3(d)], which corresponds to a blue-detuned
sideband photon. In that sense, the blue-detuned cooling
actually serves as a probe for the sign of the effective
oscillator mass. With a positive mass the blue-detuned
pump would correspond to a two-mode-squeezing (TMS)
interaction and amplification instead of cooling, since the
down-scattered photons from the HF pump would lose
ℏΩ0, and that energy would be added to the RF mode [38].
With a negative mass, creation and annihilation operators in
a sense swap roles, and the usual TMS interaction is
converted to a beam-splitter term. Finally, we also note that
the effect we report here is different from the seemingly
similar effect reported recently in an optomechanical
system [39], where the blue-detuned cooling is a conse-
quence of the interference of many mechanical sidebands,
while here it is a single sideband effect.
In conclusion, we have reported the engineering of an

effective negative mass HO in a microwave LC circuit and
demonstrated its effect to the photon pressure coupling
between this cavity and a radio-frequency LC circuit. The
effective negative-mass dynamics emerged from a

(b)

(a)

(c)

(d)

FIG. 3. Blue-detuned photon pressure sideband cooling with an effective negative mass microwave reservoir. (a) Schematic of the
experiment. A pump tone with power Pp is applied at ωp ¼ ω0 þ Ω0. The HF mode output PSD is recorded for each Pp with a spectrum
analyzer. (b) HF mode PSD in units of quanta for various Pp, curves are offset manually byþ2 each (lowest curve unshifted). Circles are
data; lines and shaded areas are fits. From the fits we extract the occupation of both modes nRFfin and nHFfin . The result is plotted in panel
(c) vs g−, circles are data, gray lines are theory including uncertainties [23]. Owing to jGj < 1, we also observe an imbalance in the final
mode occupations nRFlim > nHFlim, which is related to nonreciprocal heat flow [24]. The two horizontal dashed lines show the limit values for
the RF and HF occupations for g− ≫ κ;Γ0. Error bars in the data points consider the standard deviation of nRFth and the fitting error of
each PSD [23]. (d) Energy level schematic of the effective photon scattering process that leads to blue-detuned RF mode cooling.
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combination of a Kerr nonlinearity and strong driving, a
method compatible with all kinds of nonlinear oscillators.
We found that a blue-detuned sideband pump field leads to
positive dynamical backaction damping, normal-mode split-
ting, and sideband cooling, all things usually associated with
red-detuned pumping and a beam-splitter interaction [37,40–
42]. Our results demonstrate how to mimic an effective
negative mass mode in a generic Kerr oscillator.

All data presented in this paper and the corresponding
processing scripts used during the analysis are available on
Zenodo [43].
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