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Quantum harmonic oscillators model phenomena from electromagnetic
fields to molecular vibrations, with excitations represented by bosons

such as photons or phonons. Linear interactions that create or annihilate
single bosons generate coherent states of light or motion. Introducing
higher-order nonlinear interactions produces richer quantum behaviour:
second-order interactions enable squeezing, whereas higher-order
interactions generate non-Gaussian states useful for continuous-variable
quantum computation. However, such interactions are usually weak or
require specialized hardware. Hybrid systems, where alinear interaction
couples an oscillator to a spin, offer an alternative. Here we combine two
spin-dependent linear bosonic interactions to implement up to fourth-order
nonlinear bosonicinteractionsin asingle trappedion, focusing on
generalized squeezing. We demonstrate and characterize squeezing,
trisqueezing and quadsqueezing; reconstruct the Wigner functions of the
resulting states; and achieve quadsqueezing over 100 times faster than
conventional methods. The approach has no fundamental limit on the
interaction order and applies to any platform supporting spin-dependent

linear interactions.

Nonlinear processes and interactions in quantum harmonic oscillators
are ubiquitous in various technological and scientific applications,
ranging from frequency conversion' and nonlinear spectroscopy?
to the creation of non-classical states like entangled photon pairs®
and squeezed states*. Squeezed states, which are generated by
second-order bosonic processes, reduce the uncertainty in one observ-
able, such as position, whereas increasing it in its conjugate, that is,
momentum?’. Such states have been used for enhancing the sensitivity
of gravitational-wave detectors®, microscopy’ and the measurement
of small electric fields®. In contrast to conventional squeezing, which
is Gaussian and can be efficiently simulated classically’, higher-order
interactions are no longer Gaussian. Consequently, these higher-order
interactions serve asaresource for the real-time quantum simulation
of interactingboson models'®"?, with the potential to surpass the capa-
bilities of classical hardware. Non-Gaussian operations, such as the
third-order generalized squeezing interaction®, or trisqueezing, are

also essential for continuous-variable quantum computation. Together
with Gaussian operations, such as displacement and squeezing, they
enable computational universality and error correction' ', Aside from
being non-Gaussian, the resulting states from these interactions are
also of foundational interest in quantum mechanics, as they can exhibit
non-classical properties such as Wigner negativity 2.,

However, realizing these nonlinear bosonic interactions faster
than decoherence mechanisms has posed experimental challenges,
especially astheinteractionstrength diminishes withincreasing order.
Generating any one of these interactions typically requires careful
hardware considerations such as specifically tailored ion trap geom-
etries® or the design of superconducting microwave circuits®**. For
example, although the squeezing of a harmonic oscillator has been
demonstrated using electromagnetic fields*, mechanical oscillators
and trapped ions”, trisqueezing has only recently been demonstrated
by refs. 28,29 in superconducting microwave circuits. Engineering
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Fig.1| Conceptualillustration of spin-mediated nonlinear interactions. a, Hybrid
oscillator-spin system. The protocol requires a quantum harmonic oscillator with
energy splitting fiw,,. (left) coupled to a spin system with energy splitting /1w
(right). b, Frequency settings for spin-dependent linear interactions. We apply two
SDFsthat are detuned from the oscillator motion frequency w,, by Aand mA, where
misaninteger. Theseinteractions are linear and cause a spin-dependent
displacement. We set the spin components of these forces 6, and 6,s such that they
donotcommute, thatis, [0, 0, ] # 0. We show the Wigner functions of the
coherent states (blue and red blobs) that would be generated by the effective
potential of thelinear interactions (blue and red dashed lines). ¢, Generation of
nonlinear interactions. By adjusting the relative detunings of the linear interactions,
and hence m, we can drive arbitrary nonlinear interactions. Setting m=-1givesrise
tosqueezing ~ (a'2 + @%); m=-2, totrisqueezing ~ (@' + @®);andm=-3,to
quadsqueezing ~ (@™ + @*). The purple dashed lines indicate the effective
potential for nonlinear interactions that are proportional to (@' + ﬁ)": by settingm
=1-n,wecanselect the terms in the expansion of this potential that correspond to
generalized squeezing interactions. The Wigner functions of the corresponding
generalized squeezed states are overlaid on topin purple.

higher than third-order bosonic interactions has, so far, been an
outstanding challenge.

Instead of creating direct bosonicinteractions, hybrid oscillator-
spinsystems offer anadditional degree of freedom, which can be used
to mediate effective interactions. Insuch systems, the oscillator can be
coupledtothe spinviaaspin-dependentinteractionthatislinearinthe
bosonic mode. These interactions are readily available in a variety of
platforms, ranging from trapped ions*’, atoms® and superconducting
qubits® to diamond colour centres®, and used extensively to realize
boson-mediated spin-spin entanglement that overcomes the intrinsi-
cally weak spin-spin interactions®* ¢, Here, following the proposal in
ref. 37, we instead use spin to mediate bosonic interactions. Focusing
ongeneralized squeezing, we drive two of these linear spin-dependent
interactions concurrently to demonstrate up to fourth-order bosonic
interactions using a single trapped ion whose motion is a harmonic
oscillator that can be coupled to its internal spin states. In particular,
we use the same two linear interactions to create squeezing, trisqueez-
ing and quadsqueezing by simply adjusting the interaction frequency.

Toelucidate how we generate these nth-order interactions, we first
consider the quantum harmonic oscillator, which can be described by
theoperators @' and @ that create and annihilate aboson, respectively.
In hybrid systems (Fig. 1a), this oscillator can be coupled toaspinviaa
spin-dependent force (SDF) described by the interaction Hamiltonian

- n, .
HSDF = Ta()'a (ae—l(At+¢a) + aTel(At+¢u)) , (1)

whichislinearin afand @. This type of interaction canbe generated in
many systems such as photons in a microwave cavity coupled to a
superconducting qubit®, or phonons coupled to theinternal spin state
of trappedions®. The coupling to the spinis described by the Hermitian
operator 0,, whichisalinear combination of the Pauli operators 0 .
The SDF results in a displacement of the harmonic oscillator state,
conditioned on the spin state. This displacement depends on the inter-
actionstrength Q,, aswellas A and ¢,, which are the detuning and phase,
respectively, of the SDF relative to the harmonic oscillator with
frequency w,.

The nonlinear spin-dependent interactions we seek to generate
are the generalized squeezing interactions® described by

~ ns, S
Ay = 5 Log@e ™ +atneld), )

where nisthe order of theinteraction, Q,isits strength and fis the axis
oftheinteraction. Here 6,is a Hermitian spin operator, defined similarly
to 6, as alinear combination of 6, ,. For n=2, 3, 4, this corresponds
tospin-dependentsqueezing, trisqueezing and quadsqueezing, respec-
tively. Applying the Hamiltonianin equation (2) for aduration t,,, gen-
erates nth-order squeezed states characterized by the squeezing
parameter r=Q,t,,. Using conventional techniques, the higher the
order of the interaction, the more demanding it is to generate. For
example, intrappedions, theseinteractions are conventionally driven
by higher-order spatial derivatives of the electromagnetic field***,
where Q, varies with n". The Lamb-Dicke parameter n corresponds to
the ratio of the ground-state extent of the ion (-10 nm) to the wave-
length of the driving field (-500 nm). Thus, is usually small and every
subsequent order is weaker by more than an order of magnitude. This
unfavourable scaling holds not only for trappedions but also for other
platforms such as superconducting circuits®.

Here we circumvent this scaling by instead combining two
non-commuting SDFs, each of whichislinear. Together, they generate a
plethoraof nonlinear interactions with different resonance conditions,
as proposedinref. 37 (Fig.1b,c). The interaction is then described by
h$2

A= 204G + aTe™)

3
+ h(;a’ Oy (ae—i(mAtﬂba/) + Gt elmattoy )),

where A and mA (mis aninteger) are the detunings from w,.. Without
loss of generality, we set ¢, = 0. If the spin components of the two forces
donotcommute, thatis, [0,, 6, ] # O,wecanchoose m=1-ntosatisfy
the resonance condition for creating effective interactions correspond-
ing to equation (2) (thisis true up to a phase redefinition for even n;
Supplementary Information). For m=-1,-2,-3, we generate squeezing,
trisqueezing and quadsqueezing interactions, respectively. The spin
dependence 6, is given by the initial choice of 6, , and the desired
squeezingorder n. The even-order interactions have aspin dependence
that follows 05 « [04, 04 |, whereas the odd orders follow 6p 6.
Hence, by being able to generate SDFs conditioned on any Pauli oper-
ator, the spin component of the nonlinear interaction can be arbitrar-
ily chosen. The axis 8 of the resulting interaction (equation (2)) can be
controlled by adjusting the SDF phase ¢ .. The strength of generalized
squeezing Q,is proportional to Q. Q7~!/A"~L Importantly,and contrary
to previous implementations”, Q,can be made effectively linear with
n for all orders n by appropriate choice of the detuning A, which is a
free parameter in our scheme. Although both Q. and 2, scaleas ,
tuning A allows the overall scaling of Q, to remain effectively linear
with n. Although Q,, still decreases with increasing n, this method sub-
stantially enhances the effective interaction strength compared with
direct driving of the n™-order sideband (Supplementary Fig.1and Sup-
plementary Section VII).
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Fig. 2| Characterization of the spin-dependent squeezing interaction. After
applying the squeezing interaction, we use a probe SDF to map the oscillator
state onto the spin population p)). Insetsillustrate the action of the probe SDF
on Wigner functions; the dashed ellipsesindicate the pre-probe state. a, Inferring
the squeezing parameter r. Varying the probe duration ¢, yields aspin-
dependent displacement that separates the wavefunction (insets). The probe is
applied along the two principal axes of a squeezed state (i) and (iii) and toa
near-ground-state thermal state (ii). We obtain r=1.09(4) by fitting (i) and ((ii);
dashed lines). For splitting about the anti-squeezed axis (iii), we plot anumerical
simulation (solid line) including motional decoherence. b, Detuning
dependence. We plot rversus t,,, for A/2t=50 kHz and A/21t =100 kHz. Theory
(solid purple/cyan) follows r=,t,,,. The solid grey line shows the r expected
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from driving the second-order spatial derivative of the field at equal laser power.
¢, Spindependence. With a fixed probe duration, we vary its phase @,,,.. Fits
(dashed) show peaks/dips when the probe aligns with the anti-squeezed axis;
flipping the initial spin from| |)to| 1) shifts the pattern by /2. d, Non-
commutativity of interaction SDFs. Two interaction SDFs with bases 6, and 0., a4
yield r(Ag¢); commuting cases (A¢ =0, , 21) give r = 0, whereas non-commuting
(1/2,31/2) maximize squeezing. Data are fit with A| sin A$|(dashed). Marker fill
indicates probe-phase setting. a and ¢ show 68% confidence intervals from shot
noise with300 shots per pointand centre equal to the measured P|;);band d
show 68% confidence intervals derived from the fit and centre equal to the fitted
r.The error bars are occasionally smaller than the marker size.

We experimentally demonstrate these interactions on a trapped
8Sr* ion in a three-dimensional radio-frequency Paul trap*°. The ion
vibrates in three dimensions; the harmonic oscillator used in this work
is defined by the motional mode along the trap axis, with w,,./21 =
1.2 MHz (Fig. 1a). We initialize this oscillator close to the ground state
with 71,5 = 0.09(1). Aside from the motional degree of freedom, we

usethe |58y, mj = —%) =|l)and|4Ds;, m; = _§> = | t)sublevels of

theion’s electronic structure to define our qubit, where m;is the projec-
tion of the total angular momentum along the quantization axis defined
by a146-G static magnetic field.

For creating the nonlinear interactions, we use two SDFs, as
described in equation (3), following the Mglmer-Sgrensen-type
scheme®. Each SDF requires abichromatic field composed of two tones
that are symmetrically detuned from the qubit transition w,,, driven
by a674-nmlaser. If the tones are detuned by approximately tw,., the
spincomponent of the forceis 6, = cos @0, + sin @0, where pisgiven
by the mean optical phase of the two tones at the position of the ion.
Alternatively, we can obtaina &, spin component by setting the detun-
ing to be approximately tw,,./2 (refs. 41,42). We actively stabilize the
optical phase between the laser beams that give rise to the SDFs to
maintain their non-commuting relationship throughout the experi-
ment. Inour setup, the beam waist radius is 20 pm and the Lamb-Dicke
parameter is n=0.049(1). If the interaction SDF is in the 6, basis, then
its strength is £2, ,» /210 = 4.6 kHz (laser power, 0.5 mW) or -6.5 kHz
(laser power,1 mW).Inthe ¢, basis, its strengthis~1.3 kHz (laser power,
1mW).Moreover, to ensure that the effective Hamiltonian of the result-
ingnonlinearinteractionstends to theideal Hamiltonianin equation (2),

we ramp the two bichromatic fields on and offwith a sin? pulse shape.
Theramp durationt,,,, should be long compared with 21i/A. We char-
acterize the oscillator states generated through the nonlinear interac-
tions by applying a probe SDF on resonance with .. The probe SDF
is also created using an Mglmer-Sgrensen scheme. We present com-
plete details of the experimental setup in Supplementary Section l1A.
Wefirst use this technique to generate spin-dependent squeezing
(n=2inequation (2)) and verify the key characteristics of this interac-
tion family: magnitude, spin dependence and non-commutativity
(Fig. 2). These interactions are also unitary, which we investigate in
Supplementary Section V. We set the detunings of the SDFs to be A and
-A, respectively, that is m = —1. The spin components of the two SDFs
aresetto 0, = 0pand Oy = Oy n/o, respectively. Thus, the spin basis of
thesqueezingis[0,, 0, ] « 6, If westartin| |)or| 1)(eigenstates of 4,),
the spin component remains unchanged and the squeezing axis
dependsonthespinstate. Once the squeezed stateis created, we apply
aprobe SDF with the spin component in the 6, basis with eigenstates
£y =1 x| I)/A2. Hence, the probe SDF displaces the |+) and |-)
components of the resulting state in opposite directions* (Fig. 2a,
insets). The overlap of the two parts of the harmonic oscillator wave-
function is mapped onto the spin, whose state probability P,,is meas-
ured by the fluorescence read-out. We apply the probe SDF for variable
durations ¢;,qc; as yrope increases, the overlap reduces and Py — 0.5.
As shown in Fig. 2a, applying the probe along the squeezing axis
(i) reduces the overlap faster than applying the probe orthogonal to
the squeezing axis (anti-squeezed axis; (iii)). We determine the mag-
nitude of the squeezing parameter** rby fitting the splitting dynamics
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Fig. 3| Wigner functions of generalized squeezed states. a, Squeezed state with
r=1.09(4).b, Trisqueezed state with r;;=0.19(1). ¢, Quadsqueezed state with r, =
0.054(5). In the top row, we show Wigner functions W(x, p) reconstructed from
the experimental data, where x and p are the position and momentum variables
associated with the dimensionless position and momentum operators Xand p,
respectively. The Wigner function is inferred from the measured characteristic
function of the oscillator state (see the main text). In the bottom row, we show
Wigner functions of numerically simulated states with independently measured
experimental parameters. The rotation observed compared with the simulation
isdue to a constant offset between the squeezing axis 6 and the phase of the
probing SDF ¢, This offset can be calibrated out, if desired.

of asqueezed (i) and the initial thermal state with 72,,. = 0.09(1) (ii),
where the latter is used to calibrate the magnitude of the probe SDF.
Theinferred r=1.09(4), equivalent to 9.5(3) dB of squeezing. Extracting
rfrom (iii) using the analytic model underestimates the value of rdue
to motional decoherence, whose effect is more apparent in this case
as it takes longer to reduce the overlap completely. Nonetheless, the
resulting dynamics agree well with numerical simulations thatincor-
porate the motional decoherence. The squeezed state considered here
is created by using 0.5 mW for driving each interaction SDF, setting
A/2mt=50kHz and applying the interaction for a pulse duration of ¢,
=400 ps with aramp duration of t,,,, = 40 ps (all the pulse durations
quotedinthistext are measured at a full-width at half-maximum of the
pulse shape; the ramp shape is sin (r[t/ZL‘ramp)2 with a total rise time
given by theramp duration ¢,,,,).

Thesqueezing parameter of the squeezed stateis r=0,t,,,, where
2, = 2,9, /A following equation (2). We verify this dependence in
Fig.2b where we plot ras a function of ¢, for A/2rt =50 kHz and A/2mt
=100 kHz. The data agree well with the theory, calculated from inde-
pendently measured values of Q, and Q,,, and we observe that the
magnitude is inversely proportional to A. We compare the squeezing
strength generated by our method to driving the interaction directly
using the second-order spatial derivative of the field”. This interaction
strength scales with n? and the values were inferred by considering the
same total power of 1 mW for both methods. This underscores that we
can adjust the free parameter A in our method to achieve a higher
coupling strength than driving the second-order interaction directly.

We next investigate the spin dependence of the interaction
(Fig. 2c). The spin dependence of our interaction is in contrast to
spin-independent squeezing achieved by modulating the confinement
of the trapped ions®**°, We create squeezed states using the same
parameters as those shown in Fig. 2a, and fix the probe SDF duration
as e =53.6 1s. We scan the phase of the probe SDF @,,,,. and measure

Py,y. Changing this phase influences the direction about which we split
the oscillator wavefunction (insets). The peaks and dips of the popula-
tion correspond to splitting about the anti-squeezed axis and has a
periodicity of t. There is aT/2 shift between the two curves as aresult
of squeezing about orthogonal axes in phase space introduced by the
different spin-state settings (insets).

To generate this family of interactions, the spin components of
the SDFs must be non-commuting. We explore this non-commutativity
by varying the phase between the spin components of the two SDFs,
that is, one of the forces is 6, = 0, and the other is 6y = 0y ap. We
measure r as a function of Ag, keeping the phase of the probe SDF
constant. The squeezing parameter r varies as sin(Ag) following the
commutator relationship [8,, 0y ] « sin(Ag)o, (Fig. 2d). If the spin
components commute, thatis, A¢ =0, mand 2m, thereis no squeezing,
whereas for A¢p = /2 and 31/2, the commutator of the spin compo-
nents, and hence the squeezing, is maximized. When sin(A¢) becomes
negative, thatis, Ag > 1, the axis of squeezing shifts by t/2; hence, we
change the phase of the probe SDF to ¢, + T/2 such that we always
splitabout the squeezed axis.

Sofar, we have focused onsqueezed states that have been explored
in a variety of platforms. Moving to higher-order interactions, we
reconstruct the Wigner quasiprobability function*’ of the resulting
quantum states to obtain their full description. Following ref. 48, we
measure the complex-valued characteristic function x(8) = (D(B)),
where D(B) = e#@'-F*@js the displacement operatorand 8 € C quanti-
fiesthe displacement of the oscillator state in phase space. This meas-
urement is an extension of the method discussed in Fig. 2, where we
apply a probe SDF to split the oscillator wavefunction. Here we scan
both ¢,,,p. and @, to Obtain the real and imaginary parts of the char-
acteristic function, where f « fprope X elPerove (Supplementary Section
VI). We then take the two-dimensional discrete Fourier transform of
the measured characteristic function x() to obtain the Wigner function
W(x, p), wherexand p are the position and momentum variables associ-
ated with the dimensionless position and momentum operators
Xandp, respectively.

We reconstruct the Wigner functions of experimentally imple-
mented squeezed, trisqueezed and quadsqueezed states, and compare
themwith numerical simulationsinwhich the experimental parameters
were measured independently. Harnessing the versatility of our
method, the trisqueezed and quadsqueezed states were created by
simply changing the detuning mA. The spin dependence of all the
interactions was controlled to be 6, and weinitialize the spininthe| |)
eigenstate. In Fig. 3a, we evaluate a squeezed state with r=1.09(4),
whichis created using the same parameters as those shownin Fig. 2a.

To create the trisqueezed state (Fig. 3b), we set the detunings of
theSDFstobe Aand -2A, with A/2m=-25 kHz (we choose this negative
detuning A/2m=-25kHz to avoid off-resonantly driving aninteraction
corresponding to another motional mode of the ion). We apply the
interaction for t,;, = 600 ps, with ¢, = 80 ps. We use a laser power of
1mW per interaction SDF. We infer the trisqueezing parameter r;, =
04, = 0.19(1) by assuming that the interaction strength follows the
theory 2, 22/(2A%) and comparing with simulation (Supplementary
Section VIII). The basis of the trisqueezing interaction is given by
[0g> [0, 04 1]. Here we set the bases of the comprising interaction SDFs
to 6, = 64 and &, = 6, such that the effective interaction has a
0,-spin component.

Dueto theinitiallyimpure thermal state, it becomes challenging
to observe Wigner negativity; however, the resulting Wigner function
still displays aclear departure from a Gaussian profile, confirming the
non-Gaussian character of the trisqueezed state®.

Last, we create quadsqueezed states (Fig. 3c) by setting the SDF
detuningstobe Aand -3A, with A/2t=25 kHz. We apply the interaction
fort,,, = 600 ps, with ¢, = 80 ps. The laser power used is 1mW per
interaction SDF. Similar to the trisqueezed state, we determine the
quadsqueezing parameter r,, = Q,t.,, = 0.054(5). The spin basis of

Nature Physics | Volume 22 | May 2026 | 757-762

760


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-026-03222-6

quadsqueezingisgivenby [6,, [0y, [6,4, 04 1]]. Thus, choosing the basis
of the comprising interaction SDFs tobe 6, = 6,and 6y = 0pq/2, We
again achieve a 6, interaction. Similar to the trisqueezed state,
non-Gaussianity inthe quadsqueezed state is evident from the Wigner
function’s shape, which deviates from a Gaussian profile. In Supple-
mentary Section IX, we also show a quadsqueezed state created by
increasing the power to 2 mW and decreasing the pulse duration to
400 ps, which exhibits Wigner negativity.

Toourknowledge, thisis the firstimplementation of trisqueezing
in an atomic system and the first demonstration of fourth-order gen-
eralized squeezing across any platform. Our demonstration has only
been possible because of the bosonicinteractions mediated by the spin;
the quadsqueezinginteractionis more than 100 times stronger thanan
interaction derived from higher-order spatial derivatives of the driving
field, assuming the same total laser power (Supplementary Section VII).

Overall, our work explores nonlinear bosonic interactions medi-
ated by the spin in a hybrid oscillator-spin system by repurposing
interactions readily available across various platforms. Using the
spin to combine multiple linear bosonic interactions, our technique
enabled us to demonstrate fourth-order nonlinear interactions with-
out any limit on the achievable order. These interactions would have
been otherwise-inaccessible using previous techniques. Further, the
effective interactions are not limited to only generalized squeezing
interactions, as shownin this work, but any nonlinear bosonicinterac-
tion comprising other combinations of the creation and annihilation
operators. Our proof-of-principle demonstration used only a single
motional mode of an ion coupled to two of its internal states. Both
these quantum degrees of freedom can be explored further. First,
our technique readily extends to multiple modes® of a single ion or
alarger crystal to generate interactions such as the beamsplitter®°?,
two-mode squeezing® or cross-Kerr couplings®*. Such multimode
interactions are essential for implementing a universal gate set for
scalable continuous-variable quantum computing'*'®. Second, the spin
dependence of bosonicinteractions creates the enticing possibility of
performing midcircuit measurements on the spin to create resourceful
quantum states*’ for quantum simulation, metrology or error cor-
rection. These higher-order nonlinear interactions in the oscillator,
conditioned on the spin, can also be used to generate new spin-spin
interactions that go beyond those achieved with only second-order
bosonic interactions®. Finally, our technique extends to boson-spin
encodings that have recently gained attention asthey are more natively
suited to simulate various physical models*, boson Hubbard model
in condensed matter”, quantum field theories in particle physics'>"
or molecular quantum effects®®®'. These hybrid encodings enable
computational protocols that are inherently more robust to errors®,
aswellasreducing the computational requirements for representing a
bosoninacollection of qubits. This reductionis particularly beneficial
for practical applications involving near-term devices with limited
circuitdepths.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-026-03222-6.

References

1. Fejer, M. M. Nonlinear optical frequency conversion. Phys. Today
47, 25-32(1994).

2. Bloembergen, N. Nonlinear optics and spectroscopy. Rev. Mod.
Phys. 54, 685-695 (1982).

3. Kwiat, P. G. et al. New high-intensity source of
polarization-entangled photon pairs. Phys. Rev. Lett. 75, 4337
(1995).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Walls, D. F. Squeezed states of light. Nature 306, 141-146

(1983).

Caves, C. M. Quantum-mechanical noise in an interferometer.
Phys. Rev. D 23, 1693 (1981).

The LIGO Scientific Collaboration. Enhanced sensitivity of the
LIGO gravitational wave detector by using squeezed states of
light. Nat. Photon. 7, 613-619 (2013).

Casacio, C. A. et al. Quantum-enhanced nonlinear microscopy.
Nature 594, 201-206 (2021).

Burd, S. C. et al. Quantum amplification of mechanical oscillator
motion. Science 364, 1163 (2019).

Mari, A. & Eisert, J. Positive Wigner functions render classical
simulation of quantum computation efficient. Phys. Rev. Lett. 109,
230503 (2012).

Bermudez, A., Aarts, G. & Miiller, M. Quantum sensors for the
generating functional of interacting quantum field theories. Phys.
Rev. X7, 041012 (2017).

Bizivan, O. et al. Synthetic 7, gauge theories based on
parametric excitations of trapped ions. Commun. Phys. 7, 229
(2024).

Crane, E. et al. Hybrid oscillator-qubit quantum processors:
simulating fermions, bosons, and gauge fields. Preprint at https://
arxiv.org/abs/2409.03747 (2024).

Braunstein, S. L. & McLachlan, R. . Generalized squeezing. Phys.
Rev. A 35, 1659 (1987).

Lloyd, S. & Braunstein, S. L. Quantum computation over
continuous variables. Phys. Rev. Lett. 82,1784 (1999).

Gottesman, D., Kitaev, A. & Preskill, J. Encoding a qubit in an
oscillator. Phys. Rev. A 64, 012310 (2001).

Braunstein, S. L. & van Loock, P. Quantum information with
continuous variables. Rev. Mod. Phys. 77, 513 (2005).

De Neeve, B., Nguyen, T.-L., Behrle, T. & Home, J. P. Error
correction of a logical grid state qubit by dissipative pumping.
Nat. Phys. 18, 296-300 (2022).

Sivak, V. et al. Real-time quantum error correction beyond
break-even. Nature 616, 50-55 (2023).

Banaszek, K. & Knight, P. L. Quantum interference in three-photon
down-conversion. Phys. Rev. A 55, 2368 (1997).

Albarelli, F., Genoni, M. G., Paris, M. G. A. & Ferraro, A. Resource
theory of quantum non-Gaussianity and Wigner negativity. Phys.
Rev. A 98, 052350 (2018).

Takagi, R. & Zhuang, Q. Convex resource theory of
non-Gaussianity. Phys. Rev. A 97, 062337 (2018).

Mielenz, M. et al. Arrays of individually controlled ions suitable for
two-dimensional quantum simulations. Nat. Commun. 7, 11839
(2016).

Hillmann, T. et al. Universal gate set for continuous-variable
quantum computation with microwave circuits. Phys. Rev. Lett.
125, 160501 (2020).

Frattini, N. E. et al. 3-wave mixing Josephson dipole element.
Appl. Phys. Lett. 110, 222603 (2017).

Slusher, R. E., Hollberg, L. W., Yurke, B., Mertz, J. C. & Valley, J. F.
Observation of squeezed states generated by four-wave mixing in
an optical cavity. Phys. Rev. Lett. 55, 2409 (1985).

Wollman, E. E. et al. Quantum squeezing of motionina
mechanical resonator. Science 349, 952 (2015).

Meekhof, D. M., Monroe, C., King, B. E., Itano, W. M. & Wineland, D. J.
Generation of nonclassical motional states of a trapped atom.
Phys. Rev. Lett. 76, 1796 (1996).

Chang, C. W. S. et al. Observation of three-photon spontaneous
parametric down-conversion in a superconducting parametric
cavity. Phys. Rev. X10, 011011 (2020).

Eriksson, A. M. et al. Universal control of a bosonic mode via
drive-activated native cubic interactions. Nat. Commun. 15, 46507
(2024).

Nature Physics | Volume 22 | May 2026 | 757-762

761


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-026-03222-6
https://arxiv.org/abs/2409.03747
https://arxiv.org/abs/2409.03747

Article

https://doi.org/10.1038/s41567-026-03222-6

30. Monroe, C., Meekhof, D. M., King, B. E. & Wineland, D. J. A
‘Schrédinger cat’ superposition state of an atom. Science 272,
1131(1996).

31. Haroche, S. Nobel Lecture: controlling photons in a box and
exploring the quantum to classical boundary. Rev. Mod. Phys. 85,
1083 (2013).

32. Blais, A., Huang, R.-S., Wallraff, A., Girvin, S. M. & Schoelkopf, R. J.
Cavity quantum electrodynamics for superconducting electrical
circuits: an architecture for quantum computation. Phys. Rev. A
69, 062320 (2004).

33. Evans, R. E. et al. Photon-mediated interactions between quantum
emitters in a diamond nanocavity. Science 362, 662 (2018).

34. Cirac, J. |. & Zoller, P. Quantum computations with cold trapped
ions. Phys. Rev. Lett. 74, 4091 (1995).

35. Sgrensen, A. & Mglmer, K. Quantum computation with ions in
thermal motion. Phys. Rev. Lett. 82, 1971 (1999).

36. Serensen, A. & Mglmer, K. Entanglement and quantum
computation with ions in thermal motion. Phys. Rev. A 62, 022311
(2000).

37. Sutherland, R. & Srinivas, R. Universal hybrid quantum computing
in trapped ions. Phys. Rev. A 104, 032609 (2021).

38. Stobinska, M., Villar, A. S. & Leuchs, G. Generation of Kerr
non-Gaussian motional states of trapped ions. EPL 94, 54002
(20M).

39. Mundhada, S. O. et al. Experimental implementation of a
raman-assisted eight-wave mixing process. Phys. Rev. Appl. 12,
054051(2019).

40. Thirumalai, K. High-Fidelity Mixed Species Entanglement of
Trapped lons. PhD thesis (Univ. of Oxford, 2019).

41. Roos, C.F. lon trap quantum gates with amplitude-modulated
laser beams. New J. Phys. 10, 013002 (2008).

42. Bazavan, O. et al. Synthesizing a 0, spin-dependent force for
optical, metastable, and ground-state trapped-ion qubits. Phys.
Rev. A107, 022617 (2023).

43. Lo, H.-Y. et al. Spin-motion entanglement and state diagnosis
with squeezed oscillator wavepackets. Nature 521, 336-339
(2015).

44. Lvovsky, A. I. in Photonics 121-163 (John Wiley & Sons, 2015).

45. Heinzen, D. J. & Wineland, D. J. Quantum-limited cooling and
detection of radio-frequency oscillations by laser-cooled ions.
Phys. Rev. A 42, 2977 (1990).

46. Wittemer, M. et al. Phonon pair creation by inflating quantum
fluctuations in an ion trap. Phys. Rev. Lett. 123, 180502 (2019).

47. Wigner, E. On the quantum correction for thermodynamic
equilibrium. Phys. Rev. 40, 749 (1932).

48. Fluhmann, C. & Home, J. P. Direct characteristic-function
tomography of quantum states of the trapped-ion motional
oscillator. Phys. Rev. Lett. 125, 043602 (2020).

49. Walschaers, M. Non-Gaussian quantum states and where to find
them. PRX Quantum 2, 030204 (2021).

50. Brown, K. R. et al. Coupled quantized mechanical oscillators.
Nature 471, 196-199 (2011).

51. Gan, H. C. J., Maslennikov, G., Tseng, K.-W., Nguyen, C. &
Matsukevich, D. Hybrid quantum computing with conditional
beam splitter gate in trapped ion system. Phys. Rev. Lett. 124,
170502 (2020).

52. Hou, P.-Y. et al. Coherent coupling and non-destructive
measurement of trapped-ion mechanical oscillators. Nat. Phys.
20, 1636-1641(2024).

53. Metzner, J. et al. Two-mode squeezing and SU(1,1) interferometry
with trapped ions. Phys. Rev. A 110, 022613 (2024).

54. Ding, S., Maslennikov, G., Hablltzel, R. & Matsukevich, D.
Cross-Kerr nonlinearity for phonon counting. Phys. Rev. Lett. 119,
193602 (2017).

55. Kienzler, D. et al. Quantum harmonic oscillator state synthesis by
reservoir engineering. Science 347, 53 (2015).

56. Flihmann, C. et al. Encoding a qubit in a trapped-ion mechanical
oscillator. Nature 566, 513-517 (2019).

57. Drechsler, M., Belén Farias, M., Freitas, N., Schmiegelow, C. T. &
Paz, J. P. State-dependent motional squeezing of a trapped ion:
Proposed method and applications. Phys. Rev. A 101, 052331 (2020).

58. Katz, O., Feng, L., Risinger, A., Monroe, C. & Cetina, M.
Demonstration of three-and four-body interactions between
trapped-ion spins. Nat. Phys. 19, 1452-1458 (2023).

59. Liu, Y. et al. Hybrid oscillator-qubit quantum processors:
instruction set architectures, abstract machine models, and
applications. PRX Quantum 7, 010201 (2026).

60. Valahu, C. H. et al. Direct observation of geometric-phase
interference in dynamics around a conical intersection. Nat.
Chem. 15, 1503-1508 (2023).

61. Whitlow, J. et al. Simulating conical intersections with trapped
jons. Nat. Chem. 15, 1509-1514 (2023).

62. Lee, J. et al. Fault-tolerant quantum computation by hybrid qubits
with bosonic cat code and single photons. PRX Quantum 5,
030322 (2024).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

Nature Physics | Volume 22 | May 2026 | 757-762

762


http://www.nature.com/naturephysics
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41567-026-03222-6

Data availability

Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
from the corresponding authors upon reasonable request.

Acknowledgements

We would like to thank A. Bermudez, M. F. Gely, A. I. Lvovsky and R.

T. Sutherland for insightful discussions. This work was supported by
the US Army Research Office (W911NF-20-1-0038) and the UK EPSRC
Hub in Quantum Computing and Simulation (EP/TO01062/1). D.P.N.

is supported by Merton College, Oxford. G.A. acknowledges support
from Wolfson College, Oxford. O.B. acknowledges support from
Brasenose College, Oxford. C.J.B. acknowledges support from a UKRI
FL Fellowship. R.S. is funded by the EPSRC Fellowship EP/W028026/1
and Balliol College, Oxford.

Author contributions

0.B. and S.S. led the experiments and analysed the results, with
assistance from D.JW., P.D., D.P.N., G.A.and R.S. O.B., S.S. and
D.J.W. updated and maintained the experimental apparatus. G.A.
and E.M.A. rebuilt and maintained the 674-nm laser system with
assistance from O.B., S.S., D.JW., P.D.and D.P.N. O.B., S.S.and R.S.

wrote the manuscript with input from all authors. R.S. conceived the
experiments and supervised the work, with support from D.M.L. and
C.J.B.D.M.L. and C.J.B. secured funding for the work.

Competinginterests
R.S. is partially employed by Oxford lonics Ltd. C.J.B. is a director of
Oxford lonics Ltd. All other authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41567-026-03222-6.

Correspondence and requests for materials should be addressed to
O. Bazavan or R. Srinivas.

Peer review information Nature Physics thanks Or Katz and the other,
anonymous, reviewer(s) for their contribution to the peer review of this
work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Physics


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-026-03222-6
http://www.nature.com/reprints

	Squeezing, trisqueezing and quadsqueezing in a hybrid oscillator–spin system

	Online content

	Fig. 1 Conceptual illustration of spin-mediated nonlinear interactions.
	Fig. 2 Characterization of the spin-dependent squeezing interaction.
	Fig. 3 Wigner functions of generalized squeezed states.




