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Magnon-microwave backaction noise
evasion in cavity magnomechanics

Check for updates

Victor A. S. V. Bittencourt 1 , C. A. Potts 2,3,4, J. P. Davis 5 & A. Metelmann 1,6

In cavity magnomechanical systems, magnetic excitations couple simultaneously with mechanical
vibrations and microwaves, incorporating the tunability of magnetism and the long lifetimes of
mechanical modes. Applications of such systems, such as thermometry and sensing, require precise
measurement of themechanical degree-of-freedomwith as less addednoiseaspossible, a feature not
proposed in the literature. In this paper, we propose a scheme for realizing backaction evading
measurements of themechanical vibrations in cavitymagnomechanics. Our proposal involves driving
the microwave cavity with two tones separated by twice the phonon frequency and with amplitudes
satisfying abalance relation.Weshow that theminimumadded imprecisionnoise is obtained for drives
centered around the lower frequency magnon-microwave polaritons, which can beat the standard
quantum limit at modest drive amplitudes. Our scheme is a simple and flexible way of engineering
backaction evasion measurements that can be further generalized to other multimode systems.

One of themost iconic features of quantummechanics is the disturbance of
a system due to measurements1. The random nature of quantum mea-
surements implies the addition of measurement noise to the system to be
probed2. We can understand such a backaction effect by considering a
simple quantum harmonic oscillator. Any position measurement will
introduce a disturbance in themomentum,which is fed back to the position,
manifesting itself as additional noise in future positionmeasurements. Such
measurement backaction effects can hinder applications that require precise
measurement of an observable, in particular sensing.

Backaction evasion (BAE) schemes provide a pathway to evade any
measurement backaction on an observable. This means that the measure-
ment of such a quantum non-demolition (QND) observable does not dis-
turb its evolution. Theprice to be paid is strongnoise contamination innon-
commuting observables. There are two requirements for a BAE scheme: the
QNDobservable has to commutewith itself at different times, and theQND
observable has to commutewith the interactionHamiltonian describing the
coupling between the measured system and the meter1. For a simple
quantum harmonic oscillator, this can be accomplished, for instance, by
measurements of the position quadrature as theQNDobservable, bymeans
of a linear system-meter interaction Hamiltonian. System-meter interac-
tions that yield BAE measurement can be engineered in hybrid systems
architecture, a prominent example being the BAE scheme for measuring
mechanical vibrations via light in optomechanical systems3–8. Other

examples include electromechanical systems9–12, atomic ensembles coupled
to mechanical resonators13, Bose-Einstein condensates14, and super-
conducting qubits coupled to microwave cavities15.

Cavity magnomechanical systems have recently emerged as a pro-
mising platform for quantum technologies16,17. In such systems, a magnetic
element, usually made of yttrium iron garnet, is loaded into a microwave
cavity, as we depict in Fig. 1. The magnetic excitations (magnons) couple
simultaneously to themicrowaves (viamagnetic dipole coupling) and to the
elastic vibrations of thematerial (viamagnetoelastic effects)16,18–20. Typically,
magnons and microwaves couple strongly and form hybrid magnon-
microwave polaritonswith frequenciesdefinedby the coupling strength and
the tunable magnon frequency. Such a system allows the drive and mea-
surement of phonons via the microwave resonator while retaining the
tunability of the magnons, as well as the use of the intrinsic magnon-
microwave hybridization, for example, for efficient cooling and amplifica-
tionof themechanics21. Among the potential applications proposed for such
systems are the generation of entangled states22–24, the generation of
squeezing of magnons and phonons via magnon nonlinearities25,26, and
noise-based thermometry27. The aforementioned applications require pre-
cise measurement of the mechanics and thus can be hindered by mea-
surement backaction, an issue that has not been addressed in the field.

In this paper, we propose a BAE scheme for measuring phonon
quadratures in a cavity magnomechanical system. Our scheme exploits the
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radiation pressure-like coupling between the magnons and the mechanical
mode to realize a QND Hamiltonian for a mechanical amplitude quad-
rature. The QND Hamiltonian is engineered by modulating the force
driving the elastic vibrations due to magnetostriction, akin to BAE schemes
proposed and implemented in opto and electromechanical systems3,4,9. Such
modulation is accomplished by driving the microwave mode with two
coherent tones, with balanced amplitudes. We then show that different
hybridmode separations yield different performances of the BAE scheme in
terms of imprecision noise added to the mechanical measurement. At a
reasonable drive amplitude, it is possible to beat the standard quantum limit
of addednoise. To study the robustness of the systemwe investigate indepth
imperfections of the parameters. Our results present a simple yet robust
framework for performing BAE measurements of mechanics in a cavity
magnomechanical system, but they can be adapted to other multimode
systems in which the measured system couples to a composite system
exhibiting hybridization, for instance, optomechanical systems with two
coupled optical cavities. Furthermore, the BAE scheme can be combined
with other proposals, such as the use of nonlinearities for enhancing force
measurements28.

Results
Cavity magnomechanics and backaction noise
In this section, we introduce cavity magnomechanical systems and the
effects of backaction noise on the measurement of the phonon mode in

standard single-tone drive setups, which will provide a framework for the
main core of our results.

The cavitymagnomechanical systemdepicted inFig. 1 canbemodelled
with the following Hamiltonian16,20,29

Ĥ
_
¼ωcĉ

yĉþ ωmm̂
ym̂þ ωbb̂

y
b̂þ Ĥdrive

_

þ gmc m̂y ĉþ m̂ĉy
� �þ g0mbm̂

ym̂ b̂
y þ b̂

� �
;

ð1Þ

where Ĥdrive denotes a coherent microwave drive term. A microwave
mode ĉ with frequency ωc couples to a magnon mode m̂ with frequency
ωm, which in turn couples to a phonon mode b̂ with frequency ωb. The
magnon frequency ωm can be tuned by an applied external field30.
Magnons and microwaves couple via magnetic dipole interaction, which
yields the coupling rate gmc. At the same time, magnetoelastic effects31 are
responsible for coupling magnons and phonons with the single magnon
coupling rate g0mb. We consider exclusively the coupling between the
uniform magnon mode (the Kittel mode), with a single cavity mode and
a single low-frequency phonon mode. We do not consider any direct
coupling between phonons and microwaves, since such electromecha-
nical coupling is typically not observable in magnomechanical
experiments16,21,32. A more detailed discussion and derivation of the
coupling rates can be found in Refs. 20,29. The numerical value of the
parameters that we will use throughout the paper are summarized in
Table 1 and correspond to experiments in which a 3D microwave cavity
is loaded with a YIG sphere with radius ~ 100 μm.

The microwave-magnon coupling can be stronger than both micro-
wave and magnon decay rates, κc and κm respectively, generating a hybri-
dization between the modes33–35. In such a regime, two polariton modes
format frequenciesω±.We call themodewith frequencyω+>ω− the upper
hybridmodewhile the other is the lower hybridmode. In the casewhere the
magnonmode is resonantwith themicrowavemodeωm=ωc, the difference
between the hybridmodes frequencies is ~ 2gmc. Throughout the paper, we
will consider exclusively the situation in which magnons and microwaves
are at resonance, corresponding to maximum hybridization between
the modes.

The combination of the hybridization with the sidebands generated by
themagnomechanical interaction gives a unique trait of the system inwhich
the sidebands can lie close to the hybrid modes frequencies or overlap. This
is depicted in Fig. 2 for the two configurationswhichwe call triple resonance
(modes split by one phonon frequency) and the dynamical backaction
evasion schemes (modes split by twice phonon frequency), that have been
explored in previous works21,29,32. These different configurations can be used
for enhancing or balancing Stokes and anti-Stokes processes, yielding effi-
cient cooling and amplification of the phonon mode21, or dynamical
backaction evasion29,32. These configurations can be tuned by changing the
magnon-microwave coupling rate, which in turn depends on different
parameters, such as thepositionof the sphere in the cavity, the volumeof the
cavity, and the volumeof the sphere34. A change of gmc in the range ofωb/2 is
feasible in state-of-the-art systems via the above aforementioned
parameters27,34,36.

The measurement of the phonon mode can be accomplished by
monitoring the output field of the microwave mode. Since the noise spec-
trum of the output field has imprints of the mechanical spectrum, the
backaction noise driving the mechanics will unavoidably contaminate the
measurement2,5. We describe this effect via the standard input-output
relation for the microwave mode ĉout½ω� ¼ ĉin½ω� �

ffiffiffiffi
κc

p
ĉ½ω�. The operator

ĉ½ω� describes the fluctuations of the microwave cavity mode on top of a
coherent state generated by the strong drive. It can be obtained by solving
the linearized Heisenberg-Langevin equations in the frequency domain,
which is shown in detail in Ref. 29 and in the Supplementary Notes 1. The
main quantity of interest is the frequency-symmetrized noise spectrum of a

Fig. 1 | Schematic depiction of a cavity magnomechanical system. a Schematic of
the magnomechanical system for backaction evasion measurement of phonons: the
magnetic excitations (blue) couple simultaneously to a microwave mode (red) and
mechanical vibrations (black). The cavity is driven by twomicrowave tones ϵ and the
output ĉout is used to probe the mechanics. b The system is described by a model of
interacting bosonic modes, ĉ (microwave), m̂ (magnon) and b̂ (phonon) subject to
dissipation with rates κc, κm and γb respectively.Magnons couple tomicrowaves with
a rate gmc, while the coupling to the phononmode is via a parametric interactionwith
single-magnon coupling rate g0mb .

Table 1 | Typical parameters of a cavity magnomechanical
system consisting of a magnetic sphere loaded in a 3D
microwave cavity

Parameter Symbol Value

Microwave mode frequency ωc 2π × 10 GHz

Magnon mode frequency ωm ωc

Phonon mode frequency ωb 10−3ωc

Microwave total decay rate κc 2 × 10−4ωc

Magnon mode decay rate κm 10−4ωc

Phonon intrinsic decay rate γb 10−7ωc

Magnon-microwave
coupling rate

gmc ~ 10−3ωc (different cases will be
considered)

Magnomechanical vacuum
coupling rate

gð0Þ
mb

10−12ωc

Microwave drive amplitude ϵd in the range f103; 106g× ffiffiffiffiffiffi
ωc

p
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general quadrature

x̂θ;out½ω� ¼
ĉout½ω�e�iθ þ ĉyout½ω�eiθffiffiffi

2
p ; ð2Þ

where θ is the quadrature angle, which is given by
�Sθθ½ω� ¼ ðSθθ½ω� þ Sθθ½�ω�Þ=2, where

Sθθ½ω� ¼
Z 1

�1

dω0

2π
hx̂θ;out½ω�; x̂θ;out½ω0�i: ð3Þ

Typically, �Sθθ½ω� is measured via a homodyne setup, where θ is tuned
by a local field which is mixed with the output signal. The output noise
spectrum yields

�Sθθ½ω� ¼ jGθ½ω�j2 �Sð0Þxx ½ω� þ �SBA½ω� þ �Simp½ω�
h i

; ð4Þ

where �Sð0Þxx ½ω�, the uncoupled noise spectrum of the phononmode, jGθ½ω�j2
is the gain,whichdepends on the output quadrature beingmeasured,�SBA½ω�
is the backaction noise contribution, stemming from the non-QND
character of the quadrature being measured, and �Simp½ω� is the imprecision
noise, due to the unavoidable fluctuations in the input. We provide explicit
expressions for all the terms appearing in Eq. (4) in the Supplementary
Notes 2.

The goal of such a measurement is to probe �Sð0Þxx ½ω�, the uncoupled
noise spectrum of the phonon mode, or mechanical noise spectrum, which
is given by

�Sð0Þxx ½ω� ¼
γb
2

2nb þ 1
� � jχb½ω�j2 þ jχb½�ω�j2� �

; ð5Þ

wherenb is the phonon bath occupancy, and χb[ω] = 1/(− i(ω−ωb)+ γb/2)
is the phononmode susceptibility.�Sð0Þxx ½ω� has units of inverse frequency and

gives the position noise spectrum of the mechanical vibration via
x2ZPF�S

ð0Þ
xx ½ω�, where xZPF are the zero-point fluctuations of the phononmode.

For a magnomechanical system, xZPF depends on the elastic coefficients of
the material as well as the particular mode profile of the elastic vibrations29.

In addition to its thermal motion, the phonon mode experiences a
displacement in response to the backaction noise. Such a displacement
contaminates the measurement, manifesting as additional (backaction)
noise added on top of the imprecision noise. In a typical optomechanical
system with a single optical mode, the minimum added noise at the
mechanical frequency, referred to as the standard quantum limit (SQL), is

�SSQLBA ½ωb� þ �SSQLimp ½ωb� ¼ �Sð0Þxx ½ωb�; ð6Þ

with the backaction and imprecision noise having equal contributions. Such
minimum can be achieved by tuning the drive amplitude5, which we indi-
cate by ϵd. The SQL can also be written in terms of added quanta defined by

nBA ¼ γb
4
�SBA½ωb�; nimp ¼

γb
4
�Simp½ωb�; ð7Þ

such that the total added quanta to the measurement is

nadd ¼ nBA þ nimp: ð8Þ

For a drive power achieving the SQL, we have

nSQLadd ¼ nSQLBA þ nSQLimp ¼ 1
2
: ð9Þ

In other words, in the best case, half a quanta is added to the mea-
surement of the phonon mode. The imprecision noise is inversely pro-
portional to the square of the drive amplitude, while the backaction noise
growswith the sameparameter. Suchdependency canalsobeunderstoodby
recalling that the imprecision noise is related to the uncertainty on the
measurement of a phase, which by itself satisfy a phase-number uncertainty
relation2. This can be used to show that the imprecision noise is inversely
proportional to the photon flux driving the cavity (proportional to ∣ϵd∣2).
Otherwise, the backaction noise depends directly on the mean number of
magnons driven by the coherent tone, which is directly proportional to the
input photon flux, and thus to ∣ϵd∣2. The imprecision and backaction noise
also satisfy an uncertainty-type relation, which implies such a behavior with
the drive amplitude2.We give all the explicit formulas in the Supplementary
Notes 2.

Thehybridizationbetweenmagnons andmicrowaves canprevent such
a measurement from reaching the standard quantum limit, as the interplay
between imprecision and backaction noise depends on the magnon-
microwave coupling. This is shown in Fig. 3, which depicts the total added
quanta to themeasurement nadd as a function of the drive amplitude ϵd. The
drive frequency ωd is fixed at the magnon/microwave frequency ωc = ωm,
since this choice eliminates dynamical backaction effects29,32. The interplay
between the behavior of the imprecision and the backaction noise with the
drive amplitude yields the minimum in Eq. (9) indicated by the dotted line
in the figure. Since the measurement of the mechanics is performed via the
microwaves instead of the directly coupledmagnonmode,weakermagnon-
microwave couplings yield smaller gains and, thus, larger imprecision noise,
but also less backaction noise due to the smaller (linear) magnomechanical
coupling. As a result, the minimum of the added noise for weakermagnon-
microwave couplings is achieved at a higher drive amplitude than that for
stronger magnon-microwave couplings.

Scheme for backaction noise evasion
In the last section, we have pointed out that the backaction noise driving the
phononmode is due to the non-QNDnature of the position quadrature x̂b.
To implement measurements that avoid backaction noise, we consider two
requirements1: the observable to be measured has to commute with itself at

(a)

(b)

Triple resonance scheme

Dynamical backaction evasion scheme

Frequency 

(a.u.)

Frequency 

(a.u.)

Fig. 2 | Different cavity magnomechanics schemes. The Lorentzians indicate the
resonance frequencies ω± and linewidths of the hybrid modes as they would be
measured, for example, via transmission. Relevant mechanical sidebands are also
indicated. aTriple resonance scheme: themagnon-microwave coupling gmc is half of
the phonon frequencyωb. The blue (red) sideband of the lower (upper) hybridmode
coincides with the upper (lower) hybrid mode frequency. b Dynamical backaction
evasion scheme: themagnon-microwave coupling is equal to one phonon frequency.
In this scheme, the sidebands of the hybrid modes coincide.
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all times, thus preventing the dynamics of the system from contaminating
future measurements, and the measured observable has to commute with
the system-meter interaction term, which ensures that no noise from the
meter is fed into the system and then fed back to the measurement. This
corresponds to a BAE measurement, which is also called a QND
measurement.

To engineer aQNDHamiltonian for a quadrature of thephononmode
in a cavity magnomechanical system, we consider a two-tone microwave

drive

Ĥdrive

_
¼ i

ffiffiffiffi
κe

p ðϵ�e�iδt þ ϵþe
iδtÞeiωd t ĉþH:c:; ð10Þ

in which the coherent tones ±have frequencies ωd ± δ, and phases ν±, i.e.
ϵ± ¼ jϵ± jeiν ± . To obtain a QNDHamiltonian, the drives should induce a
modulation of the effective force/ m̂ym̂ (see Eq. (1)) driving the phonon
mode. This can be accomplished under two conditions: the frequency tone
separation 2δhas tomatch twice themechanical frequency 2ωb, as shown in
Fig. 4, and the drive amplitudes have to balance to guarantee that bothdrives
yield the same (linear) magnomechanical coupling. The last requirement
implies the following relation obtained which is obtained from the solution
of the classical equations

jϵþj
jϵ�j

¼ j iðΔm þ ωbÞ � κm
2

� �
iðΔc þ ωbÞ � κc

2

� �þ g2mcj
j iðΔm � ωbÞ � κm

2

� �
iðΔc � ωbÞ � κc

2

� �þ g2mcj
; ð11Þ

in which Δc,m = ωd − ωc,m is the detuning between the central frequency
of the drives ωd and the magnon/microwave frequencies. More
detailed calculations are provided in the Supplementary Notes 3. Such a
strategy to engineer a BAE measurement of the mechanics is akin to the
one proposed and implemented in opto and electromechanical
system3,4,9,10.

The two aforementioned conditions, the tones separation by twice the
phonon frequency and the drive amplitudes balance in Eq. (11), engineer an
effective modulation of the magnomechanical force driving the phonon
mode. This in turn yield the linearized Hamiltonian of the system in the
interacting frame with respect to ωbb̂

y
b̂ is

ĤQND

_
¼� Δc

2
ðx̂2c;φ þ p̂2c;φÞ �

Δm

2
ðx̂2m;φ þ p̂2m;φÞ

þ gmc x̂m;φx̂c;φ þ p̂c;φp̂m;φ

� �
þ 2Gx̂m;φx̂b;ψ :

ð12Þ

where the quadratures are defined as (α = c,m, b)

x̂α;ϕ ¼ eiϕα̂y þ e�iϕα̂ffiffiffi
2

p ;

p̂α;ϕ ¼ i
eiϕα̂y � e�iϕα̂ffiffiffi

2
p ;

ð13Þ

and the phasesφ andψdependon the relative phases of the coherent steady-
state of the magnon mode under the two-tone drive, whose amplitude
defines the magnomechanical coupling G. This coupling rate depends
linearly on the drive amplitude ϵ+, and on the hybridization profile. The
phases φ depend on the drive amplitudes phases ν±, on the central drive
frequency (included in Δm,c) and on the magnon-microwave hybridization
profile. The explicit expressions for G, φ and ψ can be found in the
Supplementary Notes 3. The Hamiltonian (12) is QND with respect to the
phonon quadrature x̂b;ψ . By tuning the relative phase of the drive
amplitudes, it is possible to change the phase ψ and thus to alter which
phonon quadrature is QND. Such a quadrature is completely unaffected by
the coupling to the magnons and by any measurement process done in the
magnon-microwave part of the system. Nevertheless, due to the hybridiza-
tion between magnons and microwaves, the quadrature x̂m;φ, through
which onewouldmeasure x̂b;ψ is not aQNDobservable. This can be seen by
analyzing the flowchart in Fig. 5, which illustrates the information flow in
the system, for example, themagnon quadrature p̂m;φ measures the phonon
quadrature x̂b;ψ , passing the information to the quadratures x̂c;φ and x̂m;φ.
No quadrature feeds x̂b;ψ , since such a phonon quadrature is a QND
observable. Otherwise, nomagnon/microwave observable is QND. To note
is, that the QND-nature of the mechanical quadrature x̂b;ψ is as well
preserved in the polariton basis.

Standard Quantum Limit

Drive amplitude

Fig. 3 | Number of added quanta to the measurement. The number of added
quanta nadd is offset by the vacuum fluctuations in a single-tone cavity magno-
mechanical system at zero temperature and for a zero detuned drive as a function of
the drive amplitude ϵd=

ffiffiffiffi
κc

p
, where κc is the microwave mode decay rate. The curves

shown are formagnon-microwave couplings gmc varying fromωb/2 (red, continuous
curve) to ωb (blue dashed line), with the thin lines corresponding to intermediate
values. The values of drive amplitude depicted here correspond to linear magno-
mechanical couplings ∣gmb∣ in the range ≈ 10−3κc to 0.5κc. All other parameters as in
Table 1.

(a)

Frequency 

(a.u.)

Frequency 

(a.u.)

(b)

Fig. 4 | Frequency configuration for the backaction evasion scheme. a General
framework: the two drive tones have to be separated by twice the phonon frequency
ωb, and the drive amplitudes ϵ± have to satisfy Eq. (11). We have indicated the
frequency of the lower frequency drive with a dashed arrow, and the higher fre-
quency drive with a continous arrow. The hybrid mode splitting ω+ − ω− = 2gmc,
where ω± are the hybrid mode frequencies, can be arbitrary; b one particular con-
figuration in which the mode splitting is set to the triple resonance scheme. In this
case, the tones are centered around the lower hybridmode. The high-frequency tone
drives simultaneously the blue sideband of the lower hybrid mode and the upper
hybrid mode. Such a configuration yields the minimum imprecision noise in the
measurement of the backaction evading (BAE) quadrature via the microwave
output.
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The solutions of the equations ofmotion for x̂b;ψ and p̂b;ψ in frequency
domain are

x̂b;ψ ½ω� ¼
ffiffiffiffiffi
γb

p
x̂b;ψ;in½ω�;

p̂b;ψ ½ω� ¼
ffiffiffiffiffi
γb

p
p̂b;ψ;in½ω� � 2Gχb½ω�ξ̂BA;xφ ½ω�

þ 2
ffiffiffiffiffi
γb

p
Σb½ω�χb½ω�x̂b;ψ;in½ω�:

ð14Þ

The only term appearing in the equation for x̂b;ψ ½ω� is the intrinsic
(thermal and vacuum) noise driving the mechanics. Otherwise, all the
backaction noise is dumped into the orthogonal quadrature p̂b;ψ ½ω�, which
causes amplification of the noise of that quadrature. The noise terms
x̂b;ψ;in½ω� and p̂b;ψ;in½ω� describe the intrinsic vacuum and thermal noise
acting in the phonon mode, they have the correlations

hx̂b;ψ;in½ω�x̂b;ψ;in½ω0�i ¼hp̂b;ψ;in½ω�p̂b;ψ;in½ω0�i
¼πχ2b½ω� 2nb þ 1

� �
δD½ωþ ω0�;

hx̂b;ψ;in½ω�p̂b;ψ;in½ω0�i ¼ � hp̂b;ψ;in½ω�x̂b;ψ;in½ω0�i
¼iπχ2b½ω�δD½ωþ ω0�;

ð15Þ

where δD½ωþ ω0� is the Dirac delta. In the equation for p̂b;ψ , Σb[ω] is called
the phonon self-energy27, given by

Σb½ω� ¼ iG2 Ξm½ωþ ωb� � Ξ�
m½�ω� ωb�

� �
; ð16Þ

where

Ξ�1
m ½ω� ¼ χ�1

m ½ω� þ g2mcχc½ω�: ð17Þ

is a modified magnon susceptibility. We have indicated the magnon and
microwave susceptibilities by χc,m[ω] = 1/( − i(ω − Δm,c) + κm,c/2). The
backaction noise operator ξ̂BA;xφ ½ω� has correlations

hξ̂BA;xφ ½ω�ξ̂BA;xφ ½ω
0�i ¼πΞm½ω�Ξ�

m½ω0�
× ðκm þ gmcκcχc½ω�χ�c ½ω0�ÞδD½ωþ ω0�;

ð18Þ

where we have assumed that themagnon andmicrowavemodes are at zero
temperature.

Finally, unlike dynamical backaction evasion, the BAE scheme does
not require thedetunings to vanish.Nevertheless, to obtainEq. (12),wehave
applied a rotatingwave approximation (RWA)anddiscarded terms rotating
at twice the phonon frequency. For the parameters considered here and at
zero detuning, the corrections that the counter-rotating terms introduce in
the integral of the phonon noise spectrum are ~ 10−4 and can be safely

ignored, see the Supplementary Notes 4 and 5. At finite detunings, the
analysis is more involved, but, since at all powers considered here the lin-
earized magnomechanical coupling ∣G∣ ≪ ωb, we expect that the RWA is a
good approximation and thus that the same conclusions hold.

Microwave output spectrum and imprecision noise
Wenow turn our attention to themeasurement of the QNDquadrature via
the output microwave signal. For this, we consider the standard input-
output relation and compute the noise spectrum of a generalized output
quadrature. In the present case, we can show that in a small bandwidth
around zero frequency, the output noise spectrum is given by

�Sθθ½ω� ¼ jGx;θ½ω�j2 �Sð0Þxx ½ω� þ
4nimp;θ

γb

� �
; ð19Þ

where nimp,θ is an effective number of quanta added to the measurement of
themechanical spectrumdue to the imprecisionnoise.Adetailed derivation
of �Sθθ½ω� is given in the Supplementary Notes 7. Since the scheme is BAE,
there is no noise added by backaction, compared with Eq. (4).

The imprecision noise depends on the ratio between the uncoupled
output spectrum and the gain factor evaluated at zero frequency

nimp;θ /
�Sð0Þout½0�

jGx;θ½0�j2
; ð20Þ

where�Sð0Þout½0� is the output spectrum in the absence of themagnomechanical
coupling, which exhibits twominima for drives centered around the hybrid
modes frequenciesω± =ωc ± gmc. In conjunction with aminimal �Sð0Þout½0�, the
impression noise is suppressed at large gain, which can be achieved at
optimized detunings. However, the gain factor for arbitrary detuning can be
written as

jGx;θ½0�j2 ¼ 2κcjGj2g2mc
1

jλþj2jλ�j2
þ 2Re

e2iðφ�θÞ

λ2þλ
2
�

" # !
; ð21Þ

where λ± = i(ωd − ω±) − (κc + κm)/4. This gain factor is maximized for
drives centered around the hybrid modes ωd = ω±, or, correspondingly, a
detuning Δc = ∓ gmc. In these cases

nimp;θ ¼
γb
4

κeqv;θ
32G2 : ð22Þ

In this form, the imprecision noise has the same expression as for a
single-cavity optomechanical system3, with an equivalent decay κeqv,θ given
by

κeqv;θ ¼
g2mcðκc þ κmÞ2 þ κ2c κ

2
m

4

� �2
κcg2mc

κcκm
4 cosðφ� θÞ± gmcκ± sinðφ� θÞ� �2 : ð23Þ

The output measurement angle θopt that minimizes the above
expression is

tanðφ� θoptÞ ¼ ±
4gmcðκc þ κmÞ

κcκm
: ð24Þ

The quadrature that optimizes the measurement gain depends on the
magnon-microwave coupling and thedecay rates, and it is, therefore, related
to the hybridization. In fact, by inspecting the flowchart in Fig. 5, we notice
that the signal of the mechanical quadrature distributes among the micro-
wave quadratures due to the coupling between microwave and magnons.
For the optimum measurement quadrature, the minimum added quanta

Signal

route

Fig. 5 | Flowchart schematizing the phonon signal’s route in a magnomechanical
system under the two-tones quantum non-demonilion (QND) scheme. The
diagram represents the couplings between the quadratures x̂α;ϕ and p̂α;ϕ of the
phonon (black), magnon (blue) and microwave (red) modes, in the QND Hamil-
tonian (12) (see Eq. (13)). The phases ψ and ϕ depend on the relative phases of the
coherent magnon steady-state. We have indicated the route that the signal of the
QND mechanical quadrature x̂b;ψ takes with dotted arrows, while the black arrows
indicate the route of the backaction noise that is dumped in p̂b;ψ . For a vanishing
detuning Δc = 0, the coupling between orthogonal magnon-microwave quadratures
vanishes.
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added to the measurement is

nimp;opt ¼
γb

32G2g2mcκc
g2mc

ðκc þ κmÞ2
4

þ κ2cκ
2
m

16

� �
: ð25Þ

The corresponding equivalent decay κimp,opt is always larger than both
κc and κm.

To assess the performance of our BAE scheme under different con-
figurations of the system, we first evaluate how the imprecision noise
behaves for differentmagnon-microwavemode splittings. Furthermore, we
consider real drive amplitudes ϵ± in Eq. (10), since the drive phases will only
change the QND quadrature and the optimal output quadrature to be
measured. In Fig. 6a, we show the optimal added quanta (offset by the
vacuum fluctuations 1/2) as a function of the detuning to the central fre-
quency of the drives Δc = Δm for magnon-microwave couplings ranging
from ωb/2 (triple resonance) to ωb (dynamical backaction evasion). We
observe in the curve the predicted minima of the added noise for detunings
at the frequencies of the hybrid modes. The global minimum of added
imprecision noise is obtained in the triple resonance scheme for a detuning
set at the lower hybrid mode. In this case, the high-frequency tone is at the
higher hybridmode,while the lower-frequency tone is at the redmechanical
sidebandof the lower hybridmode. The imprecisionnoisenimp can bemade
arbitrarily small by increasing the driving amplitude. In such a perfect
scenario, the added quanta to the measurement can go below the SQL,
nSQLimp ¼ 1=2.We show the scaling of the added quanta (offset by the vacuum
noise) as a function of power for tones centered around the lower hybrid

mode in Fig. 6b. In contrast with the single-tone case, shown in Fig. 3, the
added noise in the BAE scheme decreases with the drive amplitude since the
only source of added noise is the imprecision noise. Stronger magnon-
microwave couplings require a stronger drive to beat the SQL, as we can see
by comparing the results of the triple resonance configuration (continuous
line) with the one for the dynamical backaction evasion configuration
(dashed lines). We also notice that in the BAE scheme, it is possible to
achieve a more precise measurement of the mechanics (less added noise) at
weaker drive amplitudes in comparison with a single-tone drive.

The analysis performed above relies on an RWA, which holds in the
‘good cavity’ regime κc,m <ωb and for weakmagnomechanical couplings. In
fact, for the results in Fig. 3, the maximum value of the linear magno-
mechanical coupling rate is G ~ 10−1ωb, for which the RWA should be still
valid to a good approximation.Otherwise,wenotice that, for the parameters
in Fig. 3b the considered configurations beat the SQL at a coupling strength
G ~ 10−2ωb. Analogously to standard optomechanical system3, we expect
that our scheme can cope with corrections introduced by the RWAand still
beat the quantum limit. The added noise also depends on the magnon/
microwave bath occupancy and on the drive power, see the Supplementary
Notes 8 for explicit expressions. For the parameters we considered here, the
scheme is able to beat the SQL formagnon/microwave bath occupancies up
to a few hundred quanta. For magnon/microwave modes with ~ 10 GHz
frequencies, a negligible occupancy canbe attained at a fewhundreds ofmK,
which is routinely achieved in cavity magnonic experiments33,37.

Robustness of the backaction evasion scheme under imperfect
tones separation
There are two requirements for BAE: the two tones applied to themicrowave
have to be separated by 2δ = 2ωb, and the amplitude of the tones has to be
such that Eq. (11) is satisfied. Nevertheless, it might be hard to achieve such
requirements perfectly in practical setups. We consider here the effects of an
imperfect tones separation in the added noise to the phonon measurement.

Deviations from the requirements for BAE change the measured
phonon noise spectrum, adding backaction noise. The form of the
measured output spectrum, in this case, resembles the one given in Eq.
(3), but with a modified backaction noise term, whose effect depends on
both the mode splitting and the central tones frequency. We consider
first the optimum point of the imprecision noise shown in Fig. 6a,
obtained for the triple resonance scheme and a central frequency with
detuning Δc = − gmc. We show in Fig. 7 the total added noise (impre-
cision plus backaction contributions) for different values of the tones
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Fig. 6 | Number of added quanta due to imprecision noise for the optimal output
quadrature. a Number of imprecision quanta nimp as a function of the cavity-drive
detuning Δc and (b) as a function of the drive amplitude ϵ+. Plots for magnon-
microwave couplings ranging from ωb/2 (red curve) to ωb (blue-dashed curve),
where ωb is the phonon frequency. In (a), we set the drive amplitude
ϵþ=

ffiffiffiffi
κc

p ¼ 2× 106. The gray curves correspond to intermediate values of the
magnon-microwave coupling gmc. The dotted line indicates the standard quantum
limit (SQL) for added noise nSQLimp ¼ 1=2. Plot for zero temperature and all para-
meters as in Table 1. The coupling rate G scales linearly with ϵ+, being in the range
from ~ 10−5ωb (for gmc = ωb at the lowest powers) to ~ 10−1ωb (for gmc = ωb/2 at the
highest powers). κc indicates the microwave mode decay rate.
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Fig. 7 | Added quanta to themeasurement of the phononmode for imperfect tone
separation. The total amount of added quanta nadd (offset by the vacuum noise 1/2)
is shown as a function of the drive amplitude ϵ+ for several values of half of the tones
frequency difference δ ranging from ωb − γb (blue curve) to ωb + γb (red curve),
where ωb is the phonon frequency and γb the phonon decay rate. The magnon-
microwave coupling gmc is fixed atωb/2 (triple resonance scheme), and the drives are
centered around the lower hybrid mode Δc =− gmc, where Δc is the detuning to the
microwave frequency. The curve corresponding to the backaction evading (BAE)
scheme is indicated by a dashed line and the standard quantum limit (SQL) by a
dotted line. κc is the microwave decay rate and all parameters are given in Table 1.
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frequency difference δ. As the tone separation deviates from the BAE
value, the added noise curve starts to become deformed at higher powers
due to the backaction noise contribution. The imprecision noise con-
tribution is also modified, getting stronger; nevertheless, we notice that
even under such imperfect parameters, the measurement with a double
tone can still beat the SQL at weaker drive amplitudes when compared
with the single tone setup, compare with Fig. 6. For tones separation
< 2ωb, there is a drive amplitude range in which the measured phonon
noise goes below the reference BAE value as a consequence of backaction
squeezing of the mechanics and enhancement of the measurement gain.
Correspondingly, the orthogonal quadrature is amplified. The system can
also enter unstable regimes, at which the curves are abruptly ended.
Similar results to those shown in Fig. 7 are obtained in other cases, for
instance, for imperfect drive amplitude balances, in correspondence with
observations in electromechanical systems10, and in agreement with
recent proposals for generating microwave squeezing38,39.

We can compare the robustness of the BAE scheme under a different
choice parameters. As an example, we keep the hybrid mode splitting fixed,
e.g. gmc = ωb/2, and consider a different choice of the detuning Δc = 0. The
total added noise for this case is shown in Fig. 8. Even though this choice
requires a stronger power to beat the SQL, we notice that there are no
instabilities for the same range of added noise, and that, for the powers
depicted here, the added noise curves show no apparent deformation due to
backaction noise. Such facts suggest that this scheme is more robust to
imperfect tone separation, even though it does not provides theminimumof
imprecisionnoise at a givendrive power in the perfect BAE scheme. There is
thus an interplay between robustness and optimum added noise to the
measurement of the phonon mode that has to be considered for experi-
mental implementations.

Finally, results for imperfect drive amplitude balance exhibit a similar
behavior to the ones shown here, pointing to the same conclusion about the
interplay between robustness and minimum added noise.

Conclusion
To summarize, we have proposed and characterized a scheme for
backaction evasion measurement of a mechanical quadrature tailored for
cavity magnomechanical systems. Different schemes for backaction
evasion are possible, and we have studied their robustness to imperfec-
tions of the BAE requirements, as well as the amount of noise added to
the measurement via the output of the microwave mode. We have show
that, at a given driven power, the minimum imprecision noise can be

obtained for a system in triple resonance with drives centered around the
lower frequency hybrid mode. In fact, in this case, state-of-the-art sys-
tems can go below the standard quantum limit at dilution fridge tem-
peratures. Nevertheless, such a scheme is not the more robust to
imperfections, exhibiting significant deviations from the BAE case which
are less prominent in other configurations.

Our results provide a simple and flexible route for measuring
phonons in cavity magnomechanics. For instance, such a quantum
backaction evasion scheme can be used to perform quantum tomography
of phonons and validate the creation of entangled and squeezed states
proposed in the literature. A more complete model should include
imperfect measurement efficiency as well as other intrinsic features of
cavity magnomechanical systems, in particular, magnetic nonlinearities
and the unavoidable coupling to high-order Walker modes and to
multiple phonon modes29. We should notice that, for a magnetic sphere,
if the microwave mode is uniform at the sphere’s position, the only the
Kittel mode couples to the microwave34. Otherwise, in experiments such
as16,21,32, all the aforementioned contributions are small and can be dis-
carded at weak drive amplitudes. We present a brief analysis of this point
in the Supplementary Notes 9, and a more complete analysis is post-
poned to a future work.

Methods
Output spectrum and number of added quanta for single tone
cavity magnomechanics
To obtain the results shown in Fig. 3, one proceeds as follows. Starting from
the cavity magnomechanics Hamiltonian (1) with the drive term
Ĥdrive ¼ _i

ffiffiffiffi
κe

p
ϵd ð̂ceiωd t � ĉye�iωd tÞ, we move to a rotating frame with the

drive frequency ωd and obtain a set of non-linear Heisenberg-Langevin
equations for the operators ĉ, m̂ and b̂. By taking the expectation values of
the equations and using a mean-field approximation, we obtain the semi-
classical steady-state solutions �α (α = c, m, b). We then linearize the
Hamiltonian (1) by writing the annihilation operators as α̂ ¼ �αþ δα̂. The
HamiltonianEq. (1) is then truncated up to secondorder on thefluctuations
operators δα̂. Fromsimplicity,we drop the δ indicating thefluctuations. The
linearized magnomechanical Hamiltonian, in the frame rotating with the
laser frequency ωd is thus given by

Ĥ
_
¼ωbb̂

y
b̂þ gmcðm̂yĉþ ĉym̂Þ

þ ijgmbjðm̂y � m̂Þðb̂y þ b̂Þ;
ð26Þ

where gmb ¼ �mg0mb is the linear magnomechanical coupling. Such a line-
arization procedure is standard and more details can be found, for exam-
ple, in21.

To obtain the output spectrum,wefirst solve the linear dynamics of the
system, given by the Heisenberg-Langevin equations

∂t α̂ ¼ i
_
½Ĥ; α̂� � κα

2
α̂þ ffiffiffiffiffi

κα
p

α̂inðtÞ; ð27Þ

for α = c, m, b. The noise terms are thermal and vacuum noises with
correlations given by

hα̂inðtÞα̂yinðt0Þi ¼ ðnα þ 1Þδðt � t0Þ;
hα̂yinðtÞα̂inðt0Þi ¼ nαδðt � t0Þ;

ð28Þ

where nα is the αmode bath occupancy. For magnons and microwaves we
set nc,m = 0.

The obtained linear set of equations in time domain is then trans-
formed to frequency domain by standard Fourier transformation. The
linear set of equations is solved for ĉ½ω�, the annihilation operator of the
microwave mode in frequency domain, in terms of the noise operators
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Fig. 8 | Added quanta to themeasurement of the phononmode for imperfect tone
separation and zero detuning. The total amount of added quanta nadd (offset by the
vacuum noise 1/2) is shown as a function of the drive amplitude ϵ+ for several values
of half of the tones frequency difference δ ranging from ωb − γb (blue curve) to
ωb+ γb (red curve), whereωb is the phonon frequency and γb the phonon decay rate.
Themagnon-microwave coupling gmc is fixed atωb/2 (triple resonance scheme), and
the drives are centered around the cavity/magnon frequency Δc = 0. The curve
corresponding to the backaction evading (BAE) scheme is indicated by a dashed line
and the standard quantum limit (SQL) by a dotted line. The blue line coincides with
the red line. κc is the microwave mode decay rate and all parameters are given in
Table 1.
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whose correlations in can be obtained from Eq. (28) as

hα̂in½ω�α̂yin½ω0�i ¼ 2πðnα þ 1Þδðωþ ω0Þ;
hα̂yin½ω�α̂in½ω0�i ¼ 2πnαδðωþ ω0Þ:

ð29Þ

We then use the input-output relation ĉout½ω� ¼ ĉin½ω� �
ffiffiffiffi
κc

p
ĉ½ω�, to

obtain ĉout½ω� in terms of all the input noises, from where we can
construct the output quadrature x̂θ;out½ω� given in Eq. (2). The noise
correlations in Eqs. (29) can then be used to compute the noise spectrum
Sθθ[ω] of Eq. (3), from where the signal, backaction and imprecision
noise contribution can be identified. This is also the quantity we use to
defined the added quanta to the measurement presented in the Results
section. More detailed calculations are given in the Supplementary
Notes 1 and 2.

Output spectrum and number of added quanta for the two-tone
backaction evasion scheme
To obtain the QND Hamiltonian in Eq. (12) and the corresponding
microwave output spectrum, we proceed as follows.

We start from the magnomechanical Hamiltonian (1) with the two-
tone drive term Ĥdrive ¼ _i

ffiffiffiffi
κe

p ðϵ�e�iδt þ ϵþe
iδtÞeiωdt ĉþH:c:, and move

to a rotating frame with frequency ωd. We then make the ansatz ĉ ¼
ĉ0 þ ĉþe

�iδt þ ĉ�e
iδt and m̂ ¼ m̂0 þ m̂þe

�iδt þ m̂�e
iδt , and obtain from

theHeisenberg-Langevin equations, a set of nonlinear coupled equations for
the expectation values of the annihilation operators. Similar to the previous
case, we use those to obtain steady-state coherent solutions, whichwe use to
linearize the Hamiltonian by α̂ ¼ δα̂þ �αþe

�iδt þ �α�e
iδt for α = c,m and,

again, discarding any contributions that involve products of more than two
fluctuation operators.

In the interacting frame with ωbb̂
y
b̂, the linearized Hamiltonian reads

Ĥ
ð2Þ
L

_
¼� Δcĉ

yĉ� Δmm̂
ym̂þ gmc m̂yĉþ m̂ĉy

� �
þ eiδt g�m̂

y þ g�þm̂
� �

b̂e�iωbt þ b̂
y
eiωbt

� �
þ e�iδt gþm̂

y þ g��m̂
� �

b̂e�iωbt þ b̂
y
eiωbt

� �
;

ð30Þ

where we have defined g ± ¼ g0mb �m± . Under the conditions for backaction
evasion, we have ∣g+∣ = ∣g−∣, and we can perform a RWA to discard any
terms proportional to e± 2iωb . Such procedure yields the QNDHamiltonian
of Eq. (12).

From the QNDHamiltonian, we obtain the set of linear Heisenberg-
Langevin equations for the annihilation operators of the fluctuations,
which, similar to the previous case, we can solve in frequency domain.
We solve for ĉ½ω�, which is the used with the input-output relation to
obtain ĉout½ω�. Finally, the output operator can be used to calculate the
output noise spectrum which, in this case, has only the phonon signal
and the imprecision noise contributions. The latter can be used to
defined the added quanta given in Eq. (20), which is plotted in Fig. 6. Full
derivations are presented in the Supplementary Notes 3–7, which also
include an evaluation of the RWA.

The results under imperfect conditions areobtained following the same
procedure, as outlined in the Supplementary Notes 8.

Data availability
All the plots of this paper were generated with the analytical expressions
derived using standard Python plotting libraries.
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