A dissipative quantum reservoir for microwave light using a mechanical oscillator
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Engineered dissipation can allow to prepare the quantum states of atoms, ions, or superconducting
qubits. This is achieved with a suitably engineered coupling to a dissipative cold reservoir usually
formed by an electromagnetic mode. Similarly, in the field of cavity electro- and optomechanics,
the electromagnetic cavity naturally serves as a cold reservoir for the mechanical mode. Break-
ing from this paradigm, here we realize the opposite scenario and engineer a mechanical oscillator
cooled close to its ground state into a cold dissipative reservoir for microwave photons in a super-
conducting circuit. By tuning the coupling to this dissipative mechanical reservoir, we demonstrate
dynamical backaction control of the microwave field, leading to stimulated emission and maser ac-
tion. Moreover, the reservoir can function as a useful quantum resource, allowing to implement a
near-quantum-limited phase-preserving microwave amplifier. Such engineered mechanical dissipa-
tion extends the toolbox of quantum manipulation techniques of the microwave field and constitutes

a novel ingredient for optomechanical protocols.

Dissipation can significantly affect the quantum be-
haviour of a system and even completely suppress it [I].
However, if carefully constructed, dissipation can relax
the system of interest to a desired target quantum state.
This pioneering insight was originally theoretically con-
ceived and studied in the context of trapped ions [2],
experimentally first realized with trapped atomic ensem-
bles [3] and later with trapped ions [4H6]. Moreover,
reservoir engineering has recently also been realized in
the context of circuit QED [7HI]. In these experiments
the optical or microwave field provides a dissipative reser-
voir to the quantum systems. In cavity optomechan-
ics [10], in which a mechanical oscillator and electromag-
netic degree of freedom are parametrically coupled, anal-
ogous ideas have been developed and reservoir engineer-
ing for the preparation of squeezed mechanical states has
been theoretically proposed [T} [12] and recently demon-
strated [I3HI5]. As in the atomic physics case, the elec-
tromagnetic field acts as the engineered environment of
the quantum system of interest.

In contrast, recent theoretical work [I6H20] has con-
sidered the opposite scenario where the mechanical de-
gree of freedom is employed to provide a dissipative, cold
bath for light. This engineered bath can then be em-
ployed to achieve desirable quantum states of light or to
modify the optical field properties. For example, such
a dissipative reservoir for light can be exploited for am-
plification [I7} 18], entanglement generation [I6] or dis-
sipative squeezing of electromagnetic modes [19]. More-
over, it provides an ingredient to realize nonreciprocal
devices [20] such as isolators, circulators or directional
microwave amplifiers. For a sufficiently cold dissipative
mechanical reservoir, nonreciprocal devices implemented
in this manner can operate in the quantum regime, with
minimal added noise.
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Here we engineer a mechanical oscillator into a quan-
tum reservoir for microwave light. This is achieved in
a microwave optomechanical system [2I] by engineering
the mechanical dissipation rate to exceed that of the elec-
tromagnetic mode. This regime allows to demonstrate
dynamical backaction [22] on microwave light, and the
control of a microwave mode by tuning its coupling to
the reservoir. Backaction amplification leads to stim-
ulated emission of microwaves and maser action using
the mechanical oscillator as the gain medium. Below
the masing threshold, we implement a large-gain phase-
preserving amplifier that operates with added noise 0.87
quanta (or a factor 2) above the quantum limit. Criti-
cally, this demonstrates that the mechanical reservoir for
light can function as a useful quantum resource.

A. Optomechanical circuit with dark and bright
modes

We utilize a scheme in which two microwave modes
are coupled to the same mechanical oscillator [I8]. One
(auxiliary) electromagnetic mode is used to damp the
oscillator via optomechanical sideband cooling [23, [24]
and engineer it into a cold bath for the other (primary)
electromagnetic mode (Fig.[LJA). A key ingredient for the
scheme is an optomechanical cooling rate of the auxiliary
mode which greatly exceeds the electromagnetic decay
rate of the primary microwave mode, necessitating vastly
different decay rates of the employed microwave cavities.
This is challenging to achieve with previously realized
dual-mode circuits [I5], since any parasitic coupling be-
tween the two modes opens a decay channel, equilibrating
their decay in energy. Here, we address this challenge by
engineering hybridized modes with inherently dissimilar
decay rates arising from interference in the output chan-
nel (cf. Fig. [IB, C and SI).

Specifically, we design an electromechanical circuit us-
ing two LC resonators both coupled inductively to a com-
mon feedline, one of which has a mechanically compli-
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FIG. 1. Realization of a cold, dissipative reservoir for
microwave light in circuit optomechanics. A. Schematic
representation of a multi-mode electromechanical system in
which a microwave mode with energy decay rate k is coupled
to an engineered mechanical mode acting as a cold, dissipative
reservoir with an effective energy decay rate I'eg much greater
than . B. Circuit realization of the electromechanical sys-
tem. Two lumped-element LC circuits — one containing a
mechanically compliant capacitor — with matching resonance
frequencies are inductively coupled and show normal-mode
splitting, forming dark and bright modes (used as the primary
and auxiliary modes, respectively) to achieve kaux > k. C.
Visual representation of the mode structure and the resulting
asymmetric dissipation rates, originating from the interfer-
ence in the output coupling. D. Optomechanical sideband
cooling the mechanical mode with the auxiliary, bright mode
realizes a cold, dissipative mechanical reservoir for the pri-
mary, dark mode.

ant vacuum-gap capacitor [25] coupling mechanical vi-
brations to the microwave mode. The two resonators
are strongly coupled through sharing a common induc-
tor (cf. Fig. [[B). In terms of the annihilation operators
a1 and ao of the bare modes, the resulting interaction
Hamiltonian is given by

Hiye = hJ(alay + alar) + hgoala (b+01), (1)

where b designates the annihilation operator for the me-
chanical mode, J the intermode coupling strength, and
Jo the vacuum electromechanical coupling strength to the
first mode (% is the reduced Planck’s constant). The
symmetric and antisymmetric superpositions of the bare
modes dg 5 = %(dl + a9) diagonalize the intermode cou-
pling J. In terms of these hybridized modes the interac-

tion Hamiltonian is given by

Hie = hJ(alas — alan) + h%o(ias +ata)(b+oh. (2)

If the bare modes are degenerate, the eigenmodes have an
energy difference of 2h.J (Fig.[1JC) and are now, as a result
of the interaction, both coupled to the micromechanical
oscillator [26] with half the bare vacuum electromechan-
ical coupling strength gg. We consider here the limit of
a coupling large compared to the mechanical resonance
frequency, J > Q,, implying that we can neglect the
cross terms ala, (b + b) and other terms which are not
resonant. Critically, the new eigenmodes will have dis-
similar decay rates and form a bright (strongly coupled)
and a dark (weakly coupled) mode resulting from inter-
ference of the bare-mode external coupling rates x$*, K§*
to the output channel (cf. SI). The symmetric, bright
mode interferes constructively, leading to an external en-
ergy decay rate to the output feedline of Kg* = k{* + K5*.
Whereas, the antisymmetric, dark mode interferes de-
structively, leading to a decreased external coupling rate
K = |k§* — Kk§¥|. Physically, one can understand the
difference by considering the topology of current flow in
the modes (cf. Fig.[B). The symmetric mode has current
flowing in the same direction in both resonators, causing
their external magnetic flux to create currents that add
up, leading to an increased coupling rate to the feedline.
The antisymmetric mode has current flowing in oppo-
site directions in the two resonators, causing the external
magnetic flux to create currents that cancel out, leading
to a suppression in the external coupling to the feedline
(cf. Fig. , C and SI). For bare coupling rates similar
in magnitude (k* & £5¥), this enforces the coupling-rate
hierarchy x3* < k¥ necessary to achieve a dissipative
mechanical reservoir with the present scheme [I§]. In
the remaining of the letter, we refer to the dark mode as
the primary mode and the bright mode as the auxiliary
mode with resonance frequencies w, and w,ux and energy
decay rates k and Kaux, respectively (Fig. .

B. Realization of a dissipative mechanical reservoir

We realize the electromechanical circuit experimentally
by fabricating two lumped-element LC circuits coupled to
each other via a common inductor, made from thin-film
aluminium on a sapphire substrate (cf. ST for the details
of fabrication, design and full circuit parameters). The
primary and auxiliary modes have resonance frequencies
(Wey Waux) = 2m - (4.26,5.48) GHz with total energy de-
cay rates (K,Kaux) = 27 - (118,4478) kHz, respectively
(thus, Kaux/k & 38). This clear hierarchy in the energy
relaxation rates indeed originates from the vastly dissim-
ilar engineered external coupling to the feedline, with
Kex = 2m - 42 kHz ~ 1% of kZ¥,. The mechanical res-
onator is a parallel-plate capacitor with a suspended top
electrode, having a resonance frequency of the fundamen-
tal flexural mode 2, = 27 - 5.33 MHz and a decay rate



I'y = 27 - 30 Hz. This mechanical mode couples to both
the primary and auxiliary modes with a vacuum elec-
tromechanical coupling strength gy = §o/2 = 27 - 60 Hz.
Details of the calibration procedure are described in Sup-
plementary Information. Importantly, the resolved side-
band regime is still attained for both microwave modes,
ie. Qm > Kaux > k. Fig. 2A, B show an optical image
of the fabricated circuit and a scanning electron micro-
graph of the drum-type capacitor, respectively. The sim-
plified measurement setup is shown in Fig. 2C. In brief,
the device is mounted on the base plate of a dilution
refrigerator and cooled to a base temperature of ca. 10
mK. The microwave input lines are heavily attenuated
to suppress residual thermal noise and, in addition, fil-
ter cavities are employed to remove unwanted frequency
noise from the applied tones (cf. SI). After amplifica-
tion with a commercial high-electron-mobility transistor
(HEMT) amplifier mounted on the 3 K plate, the signal
is measured with a spectrum analyzer or a vector net-
work analyzer. To prepare a cold, dissipative mechanical
bath we follow the approach outlined in Ref. (I8 and use
optomechanical sideband cooling [23], [24] to prepare the
mechanical oscillator as a strongly dissipative, cold reser-
voir. We proceed by pumping the auxiliary mode on the
lower motional sideband (Fig. [I[D). We strongly damp
the mechanical oscillator to an effective energy decay rate
Tesr &~ 27-500 kHz (corresponding to a mean intra-cavity
photon number of n2* ~ 1.5 - 10%), while still remain-
ing in the weak-coupling regime for the auxiliary mode.
Thereby, we realize a dissipative mechanical reservoir for
the primary, high-Q mode, since I'eg > k. The effective
temperature of this reservoir and its utility as a quantum
resource are studied below in the manuscript.

C. Dynamical backaction on microwave light

We first study the modified microwave cavity suscep-
tibility resulting from the dissipative cold reservoir, i.e.
the dynamical backaction on the microwave light. The
engineered bath provided by the mechanical resonator
modifies the response of the electromagnetic mode when
a microwave tone is applied [I8]. With a pump detuned
by A from the primary microwave cavity resonance, the
frequency and the decay rate of the mode shift by

dwom = ReX and kom = —2Im Y, (3)

called mechanical spring effect and mechanical damping,
respectively. The self-energy X is defined as

S i ( 1 _ 1 >
T \Tea/2+i(A+ Q) Teg/2+i (A=)

(4)

where g = go+/nc is the effective electromechanical cou-

pling rate enhanced by the mean intracavity photon num-

ber of the primary mode n.. This effect can be viewed as

radiation pressure dynamical backaction [24] 277, 28] onto
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FIG. 2. Device, experimental setup, and character-

ization of the electromechanical circuit A. Inverted-
colour optical micrograph of the circuit consisting of two cou-
pled LC resonators, one having a mechanically compliant ca-
pacitor. Blue regions show aluminium and grey regions that
are the exposed sapphire substrate. B. False-colour scanning
electron micrograph of the mechanically compliant drum ca-
pacitor. C. Simplified schematics of the measurement setup
with the circuit. The (multiple) input lines are filtered and at-
tenuated at various stages before reaching the device mounted
in a dilution refrigerator. Both the coherent and the spectral
response can be measured. D. Linear response measurement
of the device revealing the symmetric (bright, used as the
auxiliary) and anti-symmetric (dark, used as the primary)
microwave modes.

the microwave mode. This leads to a change in the re-
flection from the microwave cavity, due to a modification
of its susceptibility (defined as dout(w) = S11(wW)ain(w),
where din out (w) are Fourier domain operators associated
with the input and output fields, cf. Fig. ) The sus-
ceptibility becomes

11 (w) = Ko + Kom — Kex — 12(w — W)
Ko + Kom + Kex — 12(w — W)’

(5)

where kg is the internal loss of the primary mode and
Wl = we + dwom the modified resonance frequency.

The engineered reservoir therefore supplies a way to
tailor the susceptibility of the primary electromagnetic
mode, which we can directly probe using a coherent re-
sponse measurement. First, we fix the detuning to either
motional sideband of the primary mode, and measure
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FIG. 3. Dynamical backaction on the microwave mode using an engineered mechanical reservoir. A, B. The
modification of the susceptibility of the microwave cavity when a pump tone is placed on the lower and upper motional sideband
of the primary mode (i.e. A = FQum cf. inset), shown for various values of the multiphoton cooperativity (C = 1 corresponds
to a mean intracavity photon number of n. = 5-10°). The slight shift of the peaks comes from the finite sideband resolution
parameter of the auxiliary mode (Qm/kaux). C. The depth of the resonance changes depending on the effective internal losses
Ko 4+ Kom. Measurements with a pump on the lower and upper sideband (A = —Q, for the red squares and A = +Qy, for
the blue circles), and a theoretical fit are shown. The cavity is originally undercoupled. When pumped on the upper motional
sideband, it first becomes critically coupled, then overcoupled as the power of the pump tone is increased. For ko + kom < 0,
there is a net gain and the electromechanical system acts as a phase-preserving microwave amplifier. D, E. Using a fixed pump
power, the detuning A of the pump tone is swept and the change in the microwave resonance frequency and decay rate is
recorded. The theoretical fit corresponds to equation , showing good agreement with the experimental data.

S11(w) while the power is varied. For this choice of de-
tuning (i.e. A = FQy,), we have dwom = 0 (neglecting
the term oc I'2; /) and the change in the microwave
decay rate simplifies to

Rom = :l:CFC, (6)

directly proportional to the cooperativity C =
4g%/(kTeg). Fig. , B show the linear response for a
tone on the lower and upper sideband for various pump
powers. The width of the resonance, corresponding to the
cavity decay rate, increases (for A = —Q,,) or decreases
(for A = +Q,,) linearly with C, accordingly. Strikingly,
the depth of reflection on resonance | Sy (w.)|? varies sig-
nificantly to reflect this change (Fig. [3IC). The effective
internal loss of the cavity ko + Kom can be tuned on de-
mand by changing the coupling to the dissipative reser-
voir via the pump tone. While the microwave cavity is
initially undercoupled (kex < Ko), pumping on the upper
sideband reduces the effective internal loss and increases
the depth on resonance until the cavity becomes critically
coupled (the effective internal loss matches the external
coupling, i.e. kg + Kom = Kex). Increasing the power fur-
ther, the cavity becomes overcoupled (ko + Kom < Kex)
and resonant reflection increases again. When kg + Kom
becomes negative, there is net internal gain: the absorp-

tive feature in the cavity reflection becomes a peak, indi-
cating amplification of the reflected microwave signal. By
pumping on the lower sideband (A = =), extra damp-
ing is introduced and the resonance becomes increas-
ingly undercoupled. The mechanical mode provides a
cold, dissipative bath for the microwave resonator, down-
converting the cavity photons to the pump. In Fig. we
plot the resonant reflection and observe good agreement
with the expected dependence according to equation .
For the data corresponding to the pump tuned to the
lower motional sideband (A = —Q,,), the depth of the
resonance is systematically lower than expected, due to
a decrease in the intrinsic microwave cavity loss in the
presence of a strong pump [29]. In Fig. , E, we keep
the pump power constant and sweep the detuning A, to
measure the mechanical spring and damping effects. For
the frequency shift dwo, intrinsic non-linearities redshift
the resonance frequency in an asymmetric fashion, pro-
viding a different background for the red and blue side-
bands. The spring effect agrees well with the prediction
from equation when the two sidebands are fitted in-
dependently with different constant offsets. We note that
the mechanical spring effect as a function of detuning has
the opposite parity compared to the better known case
of the optical spring effect [10].
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FIG. 4. Amplified vacuum fluctuations and parametric instability of the microwave mode (masing). A. Noise
spectrum of the cavity emission as a function of the power of a pump on the upper motional sideband. The spectrum is measured
in quanta using the HEMT amplifier for calibration (cf. main text). Above a certain threshold power Pin, the microwave mode
undergoes self-sustained oscillations, characteristic to masing. The vertical axis is normalized by the pump power at masing
threshold P;n, equivalent to the cooperativity C = P/P;n below threshold. B. Two examples of emission from the microwave
mode at the input of the HEMT, below and above masing threshold (line cuts of A), as well as a reference measurement of the
background without the pump (dark blue). The inset shows the emission linewidth narrowing below threshold. In this regime,
noise emission is composed of amplified vacuum and thermal fluctuations, described by equation @ The analysis reveals that
amplified vacuum noise amounts to 60% of the total, below the instability threshold.

D. DMaser action and amplification

In the remainder of the letter, we demonstrate the
cold nature of the dissipative mechanical reservoir by
studying the noise properties of the system. To this
end, we fix the microwave drive to the upper sideband
(A = +Q,,) and study the regime where the pump intro-
duces net gain in the microwave cavity (ko + Kom < 0).
We use a different (second) device for this analysis, with
optimized properties, due to higher coupling strength
(9o = 27 - (106,79) Hz for the primary and auxiliary
modes, respectively) and the primary mode being over-
coupled (kex/rk = 0.76), cf. SL In Fig. [JA, the emit-
ted noise spectra of the microwave cavity are shown for
different pump powers. The measured power spectrum
is rescaled to the symmetrized cavity output field spec-
trum [30] Suq(w) in units of photons per second (i.e. flux)
per unit bandwidth, using the noise temperature of the
HEMT as an absolute noise reference (cf. SI). As the
pump compensates for the losses, the width of the emit-
ted noise spectrum, corresponding to the cavity linewidth
ket = (1 — C)k, decreases linearly with the pump power
towards zero (at unity cooperativity C = 1), cf. inset of
Fig.[dB. In this below-threshold regime, the peak photon
flux spectral density emitted from the cavity increases
with power, as the vacuum noise and the residual ther-
mal microwave noise (consisting in both a finite residual
occupancy neg of the dissipative mechanical reservoir and
a finite thermal microwave occupation of the cavity ncay)
are amplified according to

_ o (l‘iex - Kleﬂ)% + Cﬁ(neﬁ + %) + KO(ncav + %)
el = e (5 + = wo)?

(7)
where the thermal input noise is neglected and only the
amplified noise is considered. We analyze the noise prop-

erties of the device in detail below when considering am-
plification and added noise. We find the residual thermal
occupation of the dissipative reservoir to be neg = 0.66,
when neglecting n¢,y. Equation @) then implies that
60% of the emitted noise from the cavity is amplified
vacuum fluctuations, when C — 1.

For C = 1 and greater pump powers, the microwave
mode undergoes self-sustained oscillations. This regime
leads to a parametric instability and electromechanical
maser action of the microwave mode, via stimulated
emission of microwave photons into the microwave cav-
ity. The salient features of maser action are a tran-
sition from sub- to above-threshold masing, as well as
linewidth narrowing. These observations are analogues
to the radiation-pressure-induced parametric instability
of a mechanical mode in the normal optomechanical
regime (k > T'y,) [22, 28, B1 B2]. In the experiments
a clear threshold behavior, characteristic of masing, is
demonstrated when the emitted noise abruptly increases
in strength at C = 1 (cf. Fig. [dB). Such microwave lasing
in superconducting circuits has previously been demon-
strated using a single artificial atom [33]. Due to the
strong photon population generated by masing, nonlin-
earities of the cavities red-shift the frequency of emis-
sion. This clearly distinguishes masing from the mechan-
ical parametric instability (i.e. phonon lasing [32]) in the
normal optomechanical regime, as in the latter case the
emission does not follow the cavity but has a constant
detuning of —€,,, with respect to the pump.

Below the masing threshold, the microwave mode cou-
pled to the dissipative bath acts as a phase-insensitive
parametric amplifier [I8, [34] for incoming signals. For
Ko + Kom < 0, there is a net internal gain and the sus-
ceptibility S11(w) develops a peak, implying that reflec-
tion is larger than input for signals within the resonance
bandwidth (in-band). The power gain of the amplifier
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FIG. 5. Near-quantum-limited phase-preserving amplification. A. Linear response of the cavity, with increasing powers
of the pump on the upper sideband from red to blue. B. Power gain (triangles) and bandwidth (circles) of the amplifier extracted
from a fit of the linear response, as a function of the cooperativity of the pump on the upper sideband. The colored points
correspond to the curves on panel A. C. Relative gain and noise of the amplifier, sharing the same baseline. The difference
from noise to gain corresponds to over 12 dB of apparent signal-to-noise ratio improvement of our device over the HEMT, from
which the insertion loss between the HEMT and the device (measured separately to be 1.6 dB) must be subtracted to infer the
real improvement. D. Added noise of the amplification referred to the input, expressed in quanta. The total added noise in the
high-gain limit amounts to 1.68 4 0.02 quanta, corroborated by an independent optomechanical calibration technique (cf. SI).
This is only 0.87 quanta above the device quantum limit npqr, defined in equation .

is defined as the resonance peak height above the back-
ground, given by (cf. SI)

(25= —1) +C ’

G(we) = [Si1(we)|* = 1-¢C

(®)

The bandwidth of the amplifier is the linewidth of the
microwave resonance, given by keg = (1 — C)x. In order
to measure the gain, bandwidth and noise properties of
the amplifier, we inject, in addition to the pump tone
on the upper sideband (A = +Q,,), a weak signal tone
(swept around the cavity resonance) and measure the
reflected signal as a function of the pump tone power.
With increasing pump power, a narrowing of the cavity
bandwidth (Fig.[5JA) is observed, as well as an increase in
the power of the reflected signal (i.e. gain). By fitting the
reflected power as a function of detuning, the gain and
bandwidth as a function of cooperativity are extracted,
and found to be in good agreement with the theoretical
predictions given by equation (8)) (Fig. ) The observed
gain exceeds 42 dB.

E. Near-quantum-limited amplification

Next, we study the added noise of the dissipative am-
plification process. The added noise N, as referred to
the input of the amplifier, is given by the noise output of
equation @ without the input noise and divided by the
gain G(wc). On resonance, it is found to be (cf. SI)

4C K,:x( off + l) + 41?2%0 (ncav + l)
N(Wc): (6_214_2&#)2 . y (9)

which, in the high gain limit (C — 1), simplifies to
N(we) = £ (neav + L+ (Mot + 1). This quantity
can be measured by recording the improvement of the
signal-to-noise ratio (SNR) of amplification in and out
of the bandwidth of our device. This directly compares
the noise performance of our device with the commer-
cial HEMT amplifier, which is used as a calibrated noise
source (the noise temperature of the HEMT is measured
separately at w. and found to be 3.95 + 0.02 K, corre-
sponding to 20.0 £ 0.1 quanta, cf. SI). In Fig. |5 C, the
gain of the device is compared to the noise output of the
chain, normalized to the HEMT noise background. This
calibration was corroborated by a second, independent
calibration technique, which uses the scattered power in
the motional sideband in conjunction with the knowledge



of the intracavity photon number and gg (cf. SI). The rel-
ative gain of the signal exceeds the relative noise by over
12 dB. From this apparent SNR improvement, one must
subtract the insertion loss of the components between
the device and the HEMT, measured independently at
77 K to be 1.6 dB (cf. SI). The analysis reveals therefore
that the optomechanical amplifier provides more than 10
dB of improvement over the SNR of the HEMT. The in-
ferred added noise on resonance is shown as a function of
gain in Fig. [f] D; in the high-gain limit, it is a constant
value of N (w.) = 1.68 +0.02 quanta per second per unit
bandwidth (with the uncertainty given by statistical fluc-
tuations). Using equation @[) and assuming nc,y = 0, the
effective occupation of the dissipative reservoir is found
to be neg = 0.66. However, the strong cooling pump
increases the temperature of the cavity thermal bath to
an occupation ng,, = 1.03, obtained from measuring the
emitted thermal noise of the microwave cavity. (cf. SI).
Taking the residual cavity thermal noise into account,
the estimate for the mechanical occupation is reduced to
neg = 0.41. This demonstrates that the dissipative me-
chanical reservoir constitutes a quantum resource. We
note that even in the case when all the thermal noise
sources are reduced to zero (i.e. Neg = Neay = 0), the
added noise of the amplifier is

1 K
npQL = 5 + KO R (10)

which, we call the device quantum limit and deviates
from 1/2 due to the finite internal dissipation rate xq. For
the present system the device quantum limit amounts to
0.81 quanta for the coupling ratio of kex/k = 0.76, which
is only 0.87 quanta below the added noise we measure.
Compared to other electromechanical phase-preserving
amplifiers [35] [36], the preparation of an engineered cold,
dissipative mechanical bath enables lower added noise.
It is interesting to compare the present amplifier scheme,
relying on a dissipative reservoir, to the microwave para-
metric amplifiers as used in circuit QED. In the latter
case, typically both idler and signal are resonant with
one or more microwave cavities [37H39]. As gain in-
creases, this leads to a simultaneous increase in both the
signal and idler mode population. In contrast, while the
present amplifier scheme uses a parametric interaction as
well, the large dissipation rate for the (mechanical) idler
mode only leads to the generation of a signal photon (mi-
crowave field), suppressing the idler, a situation akin to
a Raman-type interaction found in nonlinear optics [40].

F. Conclusions

In summary, we have implemented and studied a new
regime of circuit electromechanics by coupling an electro-
magnetic cavity mode to an engineered cold dissipative
reservoir formed by a mechanical oscillator. The usual
roles of the two modes are reversed, allowing for dynami-
cal backaction on the microwave mode using the mechan-

ical reservoir. We demonstrate the control of the inter-
nal losses of the cavity in the form of backaction-induced
amplification, de-amplification, and masing of the mi-
crowave field. By performing microwave amplification
close to the quantum limit, we show that the mechanical
reservoir functions as a useful quantum resource.

The near-quantum-limited amplification with a me-
chanical reservoir extends the available quantum infor-
mation manipulation toolkit, adding to the existing de-
vices based on Josephson junctions [37H39, 4I]. While
the present amplifier is not frequency-tunable, recent
advances in circuit electromechanics have demonstrated
such functionality [42]. The observed reservoir-mediated
microwave damping may allow to remove residual ther-
mal occupancy from the microwave cavity, akin to cool-
ing schemes developed in circuit QED [43]. More-
over, the control over internal dissipation enables all-
electromechanical tuning of the coupling of the mi-
crowave resonator to the feedline, offering the poten-
tial for an electromechanical reconfigurable network [44].
While the present scheme employs a single pump tone,
dual tone pumping would lead to the preparation of
squeezed states of the microwave cavity [19]. Viewed
more broadly, the realization of a cold mechanical reser-
voir for microwave light provides a central ingredient for
novel electromechanical devices. Indeed, the circuit can
be extended to multiple microwave resonators coupled to
a shared mechanical reservoir and implement the dissi-
pative cavity-cavity interactions that are at the heart of
recent schemes to entangle microwave photons [16] and,
combined with coherent interactions, to perform nonre-
ciprocal microwave transmission [20]. Such nonrecipro-
cal devices can be of use for the rapidly expanding field
of circuit QED [45], 46].
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