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Abstract

Quantum mechanics is a very successful theory which precisely describes the behavior
of microscopic particles. Although the theory provides counter-intuitive predictions, such
as that an object can be at two different positions at the same time and the "spooky action
at a distance" between two objects, it describes the microscopic world with unprecedental
precision. These counter-intuitive quantum behaviors of microscopic particles explain
phenomena across disparate scales, from the microscopic scale such as interactions between
sub-atomic particles, the atomic spectrum, motion of electrons in solids, and chemical
reactions, to macroscopic scale such as behavior of superfluids and superconductors, and
even the evolution of stars. So far, no example of conflicts between experiment and theory
is known, and the validity of the theory is so broad that one would expect that the quantum
theory can be applied to the macroscopic world, for example, a macroscopic massive object
such as a soccer ball can in principle be at two positions at the same time. A lot of effort has
been made to observe these wierd quantum effects in macroscopic objects, and superposition
of a molecular version of soccer ball, a fullerence molecule, has been observed. However,
quantum phenomena of human scale objects haven’t been observed due to the decoherence
effects induced by the unmonitored environmental degrees of freedom, which a macroscopic
object is usually coupled to.

The purpose of this dissertation is to study the quantum phenomena of a massive macro-
scopic object with a cavity electromechanical system, where a nanomechanical resonator
couples to a high Q microwave resonator formed by superconducting circuit. Mesoscopic
scale mechanical resonators have several unique properties that make it suitable for the
study of macroscopic quantum phenomena: first, they consist of a macroscopic number of

particles (N ~ 10'%), much more than molecules and a few order of magnitude larger than
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Bose-Einstein condensate of atomic gases. Second, they are highly engineerable, and have
a wide range in resonance frequency (from kHz to GHz) and possess extremely high quality
factor (Q ~ 10%) with meticulous design. Third, they can be macroscopic in size (a few
tens of microns) while keeping the mass relatively small (~pg). All thuis together with the
accessibility to cryogenic temperature (~mK) and availability of ultrasensitive detectors in
mesoscopic scale puts these nanomechanical structures into the quantum regime.

In this work, we focus on the quantum effects stemming from the Heisenberg uncertainty
principle. The first issue is the fundamental limitation to the precision of continuous
measurement. According to the Heisenberg uncertainty principle, measuring an object
would unavoidably perturbing it. Although the perturbation is very small, it would finally
limit the sensitivity when the precision of the measurement is high enough. This is the
subject of the first experiment in this dissertation. In this experiment, we detect this quantum
backaction, which is the radiation presure from the microwave quantum fluctuation in this
case, with a nanomechancial resonator. Moreover, we employ a special technique called
backaction-evading measurement (or quantum non-demolition) to avoid this measurement
backaction.

The second issue is the fundamental limit to the quantum state of an object. According
to the Heisenberg uncertainty principle, nothing is completely at rest. Even if one cools
a harmonic oscillator to the quantum ground state, it would not stay still, as there is
random motion associated with the zero-point energy: the zero-point motion. This quantum
fluctuation places a fundamental limit on the minimum motion of an object. One way
to go beyond this limit is to squeeze the motion. By squeezing the motion, one can
generate quantum squeezed states which have fluctuations below the zero-point motion in
one quadrature at the expense of increasing the fluctuation in the other quadrature. These
states have been generated in microscopic objects such as photons and trapped ions. In the
second experiment, we employ a dissipative squeezing scheme in a cavity electromechanical
system to generate a stationary quantum squeezed state of a nanomechancial resonator with

more than 3 dB squeezing.
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Chapter 1

Introduction

1.1 The Heisenberg uncertainty principle

The Heisenberg uncertainty principle, one of the tenets of quantum theory, was formu-
lated by Werner Heisenberg in 1927. It states that it is impossible to measure simultaneously
the canonical position g and its conjugate momentum p of an object with arbitrary precision

[41], which is

NSt

AgAp > (1.1)

As described by Heisenberg [42], "the uncertainty principle refers to the degree of in-
determinateness in the possible present knowledge of the simultaneous values of various

quantities with which the quantum theory deals."

Wave properties of matter

The uncertainty relation can be deduced from the wave properties of matter. Here
we follow the argument by Heisenberg in his Chicago lectures of 1930 [42]. Consider
a wave packet with spatial extent Ax made up by superposition of sinusoidal waves with
wavelengths near A1g. Then there is roughly n = Ax/Ag crests or throughs within Ax.
Outside the boundary of the wave package the component waves must be canceled by

interference, and therefore the set of the component waves must contain at least n + 1 waves
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that fall in the critical region. This gives

Ax 1
>n+ -, 1.2
lo—-A1-""2 (1.2)

where A4 is the extent of the wavelengths of the component waves. If we expand the left

hand side of Eq. (1.2) to first order in A4, we obtain

AxAA
A

> . (1.3)

| =

2
0
Together with the de Broglie relation p = h/A, the group velocity of the wave package is

given by

_E_p_ »
dp m miy '

Vg
where E = p?/2m. The spreading of the wave package is characterized by the spreading of
the group velocities

h

Av, = —AA. 1.5
8 m/l% (1.5)

By defining Ap = mAv, and therefore by Eq. (1.3), we obtain the uncertainty relation

(1.6)

NSt

AxAp >

In this respect, the Heisenberg uncertainty relation is the result of the intrinsic wave-like
nature of the object. It specifies the limit within which the particle picture can applied or
the concept of motion and path is meaningful, i.e., position and momentum of the particle

are well defined simultaneously.

Heisenberg’s microscope

On the other hand, the uncertainty relation can also be deduced without explicit use
of the wave picture, as described by Heisenberg with his famous Heisenberg’s microscope
experiment [42], which he used to give a physical interpretation of the uncertainty relation.

The original version of the Heisenberg’s microscope experiment considered the measure-
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photographic plate

Figure 1.1: Schematic of Heisenberg’s microscope experiment.

ment of the position of a microscopic particle such as electron. Here, we will describe a
modified version given by Braginsky et al. [8], which is closer to the subject discussed
in this thesis. We consider measuring the position of a macroscopic object with mass m.
In order to give a well defined position of the object, we attach to the object a stick with
diameter less than or of the order of the wavelength of light. The position of the stick x1 is
measured by arranging it close to the focal plane of the lens. The arrangement of the lens
and the photographic plate is shown in Fig. (1.1), where a is the diameter of the aperture
and L, is the focal length of the lens. To measure the position of the stick, we send a stream
of photons with wavelength A from the side and wait for an individual photon to be scattered
by the stick, pass through the lens’s aperture, impinge on the photographic plate, collapse,
and produce a small seed of silver. The transverse position x; of the silver seed, relative to
the lens’s optical axis, can be determined to an accuracy much better than an optical wave-
length. Then the transverse position of the stick relative to the optical axis of the lens can
be inferred with the relation x; = —x,L1/L;. The imprecision of the position measurement
is limited by the Abbe diffraction limit, with roughly equal probabilities, anywhere within
a distance
1 L

AXmeasure = 6/1_ (1.7)
a
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Figure 1.2: Schematic of von Neumann’s Doppler speed meter experiment.

of the location x;. Because the photon has momentum p = h/A, it therefore must have

given the stick a random momentum in the x direction

how a
Apperturb 2 TZ_LI (1.8)
The product of Egs. (1.7) and (1.8) gives the Heisenberg uncertainty relation
h
AxmeasureApperturb 2 E (1.9)

von Neumann’s Doppler speed meter

Another famous thought experiment to demonstrate the Heisenberg uncertainty relation
is the von Neumann’s Doppler speed meter [66]. In contrast to the Heisenberg’s microscope
experiment which measure the object’s position, this experiment considers the measurement
of the object’s speed or momentum. As shown in Fig. (1.2), we shoot a monochromatic
single photon pulse with duration 7 (and therefore frequency range Aw =~ 1/t due to the
wave properties) to the macroscopic object with mass m and speed v, we then measure the
energy of the reflected photon with a calorimeter. Because of the Doppler effect, the mean

frequency of the photon will change by the amount

= - (1.10)
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However, the initial energy was known only with a fractional error Aw/w = 1/wt, and

therefore the precision of the object’s speed will be within

cAw c
Vmeasure = 2o 2ot (1.11)

©w 2wt
The photon’s reflection gives the body a precisely known momentum 27%w/c, but the

momentum of time when the momentum is transferred is known up to the pulse duration 7.

Therefore, the object’s position is perturbed by

2w T
Axperturb > —=. (1.12)
mc 2

The product of the uncertainties (1.8) and (1.7) again gives the Heisenberg uncertainty

relation

A)CperturbApmeasure 2 55 (1.13)
where Apperturs = MAVmeasure.  Compare to the uncertainty relation (1.9), the roles of

position and momentum in (1.13) are interchanged.

Discussion

As pointed out by Braginsky et al [¢], although the uncertainty relations (1.6) and (1.9)
look similar, their essences are fundamentally different. The uncertainty relation (1.6) is
the result of the fundamental properties of the quantum object. It simply tells us what
a quantum object has to be, i.e., a quantum object doesn’t have precisely defined values
of position and momentum simultaneously. On the other hand, the uncertainty relation
(1.9) is the fundamental property of the measurement process. In this case, the position
uncertainty is an error in the measurement, an intrinsic property of the the measurement
apparatus, which is in principle independent of the measurand. The momentum uncertainty
is the perturbation given to the object by the measuring process, which is determined by the
interaction between the quantum object and the measurement apparatus.

While the Heisenberg uncertainty relations (1.6) and (1.9) seem to have different physical

origins. In fact, the physical roots of them are the same: note that the measurement
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apparatus also follows the uncertainty principle (1.6) (in this case, the photon), and the
consequence of these unavoidable uncertainties is the random momentum perturbation
to the measurand in the manner of (1.9). On the other hand, the unavoidable random
perturbation accompanying with the measurement prevents one from prepare a state or
obtain initial conditions that violate the uncertainty principle (1.1). Therefore, the two

uncertainty relations are complementary to each other.

Quantum limit on repeated measurement

As shown in the Heisenberg’s microscope experiment and the von Neumann’s Doppler
meter experiment, due to the Heisenberg uncertainty principle, any attempt to extract
information from an object would inevitably perturb it in an unpredictable way. The
immediate consequence of this unavoidable random perturbation is that the measurement
process can affect the outcomes of the subsequent measurement results. Consider measuring
the position of a free mass attime ¢ = 0 (e.g., with the Heisenberg microscope) with precision
Ax (0), which would perturb the momentum by the amount Ap (0). After a period of time
7, the accuracy of a second position measurement is spoiled by the momentum perturbation

induced by the first measurement, which is

1 hrr ht

2 _ 2 T 2 2 nr nr
[Ax (T)]" = [Ax (0)]° + [Ap(O)m] > [Ax (0)]" + Ax (0) 2m > - (1.14)

As shownin Eq. (1.14), if we made the initial position measurement very precise (Ax (0) —
0), then the momentum perturbation would be very big (Ap (0) — o0), and as a result it
would ruin the precision of the subsequent position measurement (Ax (7) — o0). The

minimum of the position uncertainty Ax (7) occurs at

ht
Ax (0) = A =4/ — 1.15
x (0) XSQL o (1.15)
and
hm
Ap (0) = ApsqL =/ 5> (1.16)

2T
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where xsqL and psqr are the standard quantum limits of a free mass.
Another example is measuring the position of a harmonic oscillator. similar to the
previous example, the measure of the position with precision Ax (0) would produce a
minimum momentum perturbation Ap (0) = #/2Ax (0). After a period of time 7, the

precision of the second position measurement is

2
[Ax (D] = [Ax 0)] cos wr + | 27 (0)] sin® wt
maw
2
Z[Ax(O)]zcoszwt+[m] sin” wt, (1.17)

where w is the frequency of the harmonic oscillator. The minimum rms position error is

obtained at

h
Ax (0) = A =./— 1.18
x (0) = AxsqL T (1.18)
and
himow
Ap (0) = ApsqL = — (1.19)

where xsqr. and psqr, are the standard quantum limits of a harmonic oscillator.

At the first glance, one might think that the roles of position and momentum are
interchangeable in this case, as in the case of the Heisenberg’s microscope and the von
Neumann’s Doppler meter. Surprisingly, this is not the case. Consider measuring the
momentum (or velocity) of the free mass (e.g., with the von Neumann’s Doppler speed
meter) with precision Ap (0) at ¢t = 0: according to the Heisenberg uncertainty relation, it
would perturb the position of the mass by at least the amount Ax (0) = 72/2Ap (0). However,
since the momentum is a constant of motion of a free mass, the perturbation of the position
wouldn’t spoil the momentum during free evolution, and the uncertainty of the momentum

remains the same, i.e.,

[Ap (D)]? = [Ap (0)]°. (1.20)

Therefore, on can in principle measure the momentum of a free mass with infinitely accuracy
(Ap (t) — 0) without affecting the results of the subsequent momentum measurement. This

type of measurement is called quantum nondemolition (QND) measurement, and we will
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return to this subject in section (2.3).

1.2 Historical review

In the early days of the twentieth century, experiments were limited to a single mea-
surement of systems that consisted of huge numbers of microscopic objects, probably due
to the lack of technologies to perform repeated measurements with sufficient precision
and individually manipulate a single microscopic object. These experiments revealed the
wave properties of matters, and therefore the Heisenberg uncertainty principle (1.1), in a
statistical sense. These type of experiments can be well explained by calculation based on
time-dependent perturbation theory [26] (or Fermi golden rule [69]), which is based on the
"repeated random phase assumption". It assumes that the phase relations between wave
functions at the initial state and the final state are randomized, or equivalently that the initial
and final density matrix are always diagonal in the unperturbed basis. Therefore, one only
needs to care about the probabilities at the end of the interaction, which are given by the
squares of the wave functions. Albeit the lack of rigorous justification of this assumption,
these calculations explain the experimental observations successfully. During this time, the
effects of measurement due to the Heisenberg principle (1.9) are only conisdered in thought
experiments.

The arrival of maserin 1953 [35] and laser in 1960 [63] completely changed the situation.
These highly coherent light sources can generate electromegnetc fields with high spatial and
temperal coherence, in which the repeated random phase assumption doesn’t hold, whcih
inspires people to develope a quantum theory of light, and gives rise to the field of quantum
optics. The ability to prepare highly coherent states and amplify signals at a single photon
level makes the previous thought experiments realizable, and stimulates researches on the
consequences of the Heisenberg uncertainty principle on linear amplification [39, 40, 12]
and quantum mechanical measurement [43]. Furthermore, the call for the detection of
the gravitational wave in 1960, which required continuously monitoring the motion of
a macroscopic object with the sensitivities close to the quantum level, necessitated the

development of the quantum theory of continuous measurement [13, 14, 12, ] because
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the traditional quantum theory of measurement didn’t treat the continuous case.

In addition to the development of laser, another scientific and technological breakthrough
in the late 20th century, which is visioned by Richard Feynman in his famous talk entitled
"There’s Plenty of Toom at the Bottom" in 1959 [30], is nanotechnology. By shrinking
down the size of structures or materials to nanoscale, many interesting and useful properties
appear because the feature size is of the same order as the critical size for the physical
phenomena.

Nanotechnology is a very broad notion which includes various fields of science, and
here we focus on nano-electromechanical systems (NEMS). Mechanical structures on the
nanometer scale have several attractive properties: first, the mass of nanomechanical struc-
tures can be very small (~ 1072! g) [61]. Second, by carefully designing the mechani-
cal strucrure, the resonance frequency of a nanomechancial resonantor can cover various
range from few kHz to few GHz [91, 61, , 77,78, 28]. Third, the quality factor of
a nanomechancial resonator can be very high, as high as 10® at room temperature [67].
All these properties together make the nanomechancial resonator extremely susceptible to
external alterations. It has been applied for various types of sensitive detection, for exam-
ple, charge sensing [ 18], infrared thermal sensor [| 7], inertial sensing [37, 53, ] and
imaging [38], magnetic resonance imaging [30], etc.

In additional to technological applications, the unique properties of the nanomechanical
system also offer an opportunity to study quantum mechanics in a massive macroscopic
system. Since the frerquency of the nanomechancial resonator can be as high as GHz, at
cryogenic temperature (~ 10 mK), the mechancial resonator occupies it’s quantum ground
state. By tighly coupling it with a superconducting qubit as a detector, O’Connell et al. have
demonstrated the quantum motion of a macroscopic mecahnical object [68]. By reversing
the role of the nanomechanical resonator and the qubit, LaHaye et al. have demonstrated a
nanomechanical read out of a superconducting qubit [55].

The ability to tighly couple a nanomechancial resonator to various mesoscopic quan-
tum systems also enables us to continuously monitor the mechanical motion close to the
standard quantum limit (SQL), which brings the interest of quantum measurement into

nanomechanical systems and stimulates a lot of research on the quantum limit of detection
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of a nanomechancial resonator with various detection techniques [21, 19, 24]. A seminal
work is given by LaHaye et al.: by coupling a nanomechancial resonator to a superconduct-
ing single-electron transistor (SSET), they demonstrated a continuous detection of position
with resolution close to the SQL [56]. Later, by applying a microwave cavity interferrometer
based detector, and incorporating a near quantum-limited microwave amplifier, Teuful et al.
demonstrated a position measurement with measurement imprecision below the SQL [96].
In addition to continuous position detection where the measurement precision is limited by
the SQL, by carefully modulating the coupling between the nanomechanical resonator and
a cavity in the resolved sideband regime (mechanical resonance frequency much larger than
the cavity linewidth), one can perform QND measurement of the mechanical quadrature
[23, 44]. By applying this technique, Suh et al. have demonstrate a backaction-evading
measurement of a single mechanical quadrature with measurement imprecision below the
SQL [95].

Besides detection, the backaction from the detector can generate dynamical effects to
the mechanical motion [20], and the dynamical backaction from the detector can be applied
to control the motion of the nanomechanical resonator. In particular, in sideband resolved
cavity opto/electro-mechanical systems [36, 86, 99, 33, 28, 98], where the mechanical
motion is tighly coupled to the cavity resonance frequency, the high Q cavity enables one to
selectively enhance the mechanical sidebands, and therefore the backaction from the Stokes
and anti-Stokes scattering processes. Reviews of the filed of opto/electromechanics can be
found in [49, 2]. By applying the sideband cooling technique in the opto/electro-mechancial
systems [64, ], one can cool the motion of various nanomechanical resonators into
the quantum ground state [16, 97, 71]. The ability to actively cool the mechanics into

the ground state brings nanomechancial systems into quantum regime: the zero-point

motions of mesoscopic mechanical resonators have been observed [59, , 82, ], the
quantum radiation shot noises have been detected with nanomechanical resonators [95, 73],
quantum squeezed states of light have been generated with optomechanical systems [84, 74],

entanglement between the microwave fields and the mechanical motion has been generated
[70], and recently quantum squeezed states of mesoscopic mechanical resonators have been

generated [1 10, 58, 72, 60] by means of the dynamical backaction [54]. The combination of
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nanomechanical resonators with high quality microresonators and other quantum systems
such as superconducting qubit opens up a lot of opportunities for practical applications

[83, 75] as well as fundamental study of quantum mechanics [].

1.3 Thesis overview

Chapter 2 discusses the consequences of the Heisenberg uncertainty principle to mea-
surement and the quantum state of motion. The quantum limit on linear amplification and
continuous position detection are analyzed. Quantum non-demolition (QND) measurement
will be introduced to go beyond the quantum limit. At the end, an introduction of the
minimum uncertainty states will be discussed.

Chapter 3 describes how to implement a cavity electromechancial system out of elec-
trical circuit and nanomechanical resonator. In this chapter, both classical and quantum
descriptions of a cavity electromechanical system are given. The quantum Langevin equa-
tions of a optomechanical system will be derived. Connection between the language of
microwave engineering to that of quantum optics will be discussed.

Chapter 4 analyzes a cavity electromechanical system under bichromatic drives with the
quantum Langevin equations derived in chapter 3. General solutions of the transmission
spectrum and noise spectra will be calculated. The backaction effects from the cavity fields
and the measurement precision of some special drive configurations are analyzed.

Chapter 5 provides the details of the experimental setup. Detailed of the design and
fabrication processes for the cavity electromechanical system will be discussed. The mea-
surement techniques and cryogenic setup in the experiments will be presented.

Chapter 6 implements the backaction-evading (BAE) measurement of a single mechani-
cal quadrature with the cavity electromechanical system. In this experiment, we demonstrate
a single quadrature measurement with imprecision below the standard quantum limit, while
evading the measurement backaction at the same time. Moreover, by incorporating an ad-
ditional BAE setup, we observe the quantum radiation backaction force from the quantum
fluctuation of microwave field in the cavity.

Chapter 7 implements the two-tone reservoir engineering technique with the cavity
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electromechanical system to squeeze the mechanical motion. Using an independent BAE
measurement to directly quantify the squeezing, we observe more than 3 dB of squeezing
below the zero-point level, surpassing the 3 dB limit of standard parametric squeezing
techniques. Our measurements also reveal evidence for an additional mechanical parametric
effect. The interplay between this effect and the optomechanical interaction enhances the

amount of squeezing obtained in the experiment.
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Chapter 2

Theoretical background

2.1 Quantum measurement

In the last chapter, we introduced the process of measurement in quantum mechanics
with the thought experiments introduced by Heisenberg and von Neumann. Here we
will continue the discussion of measurement in quantum mechanics. Here we adopt the
definition of measurement by Landau and Lifshitz [57]: "By measurement, in quantum
mechanics, we understand any process of interaction between classical and quantum objects,
occurring apart from and independently of any observer." Here we call the "classical object"
apparatus, which is a physical object that obeys classical mechanics to a sufficient degree of
accuracy, and its state would be altered after it interacts with the quantum object. Examples
of the classical measuring devices are the photoemulsion of a photographic plate or the
supersaturated steam in a Wilson cloud chamber. The classical apparatus usually consists
of many degrees of freedom and contains considerable randomness. It follows the law of
thermodynamics and therefore is in principle irreversible; the perturbation induced by the
classical apparatus is far stronger than the minimum perturbation required by the Heisenberg
uncertainty relation (1.9). In general, there are two ways to perform measurement on a

quantum system: direct measurement and indirection measurement [&].
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2.1.1 Direct measurement and indirect measurement

The most straightforward way to measure a quantum system is to let the system directly
interact with the classical apparatus, which is called "direct measurement". For example,
measuring the traces of a particles with a Wilson chamber, measuring the motion of mi-
croparticles in the photoemulsion, ... However, as described earlier, the classical apparatus
is a pair of filthy hands: it collapses the measurand wave function and applies strong
perturbation to the measurand directly.

A better measurement can be made by "indirect measurement", examples of which
are Heisenberg’s microscope and von Neumann’s speed meter. Instead of touching the
intricate measurand with the filthy hands (the classical apparatus, e.g., the photographic
plate in the Heisenberg’s microscope and the calorimeter in von Neumann’s speed meter)
directly, a quantum proxy (e.g., photon in the thought experiments) is inserted in between
the measurand and the classical apparatus, which is a quantum system that has been prepared
in advance in some special initial quantum state. In indirect measurement, the measurand
first interacts with the proxy to generate correlation between the measurand state and the
quantum proxy. Next, a direct measurement of some chosen observable of the proxy is
performed. The direct measurement reduces the state of the proxy and therefore the state
of the measurand due to the correlation generated in the first step. As a result, the strong
perturbation from the classical apparatus applies to the proxy instead of the measurand,
and thus the perturbation applies to the measurand by the quantum proxy remains quantum
limited.

Note that in order to reach quantum limited precision in an indirection measurement,
the experimental apparatus (the classical apparatus and the quantum proxy) has to satisfy
two conditions: First, the second step (interaction between the proxy and the classical
apparatus) of the measurement should not begin until the first step (interaction between
the measurand and the proxy) is complete. This condition isolates the measurand from the
"killing-of-the-quantum-state" influence of the classical device. Second, the second step
shouldn’t contribute significantly to the total error of the measurement. For example, the

finite size of the silver grain should be smaller than the diffraction limit of the lens.
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2.1.2 Continuous linear measurement
2.1.2.1 Linear measurement

Among the various classes of measurements, the most important class is the linear one.
Linear measurements are particularly important due to their simplicity and tight connection
to linear systems, in which the equations of motion for the related physical quantities are
linear, such as the position and momentum of a free particle or a harmonic oscillator.

This class of measurement can be fully described by a set of linear equations, for

example, in the case of the Heisenberg microscope,

X = Xinit + 0 Xmeasure> (2.1)

P = Pinit + 5pperturb- (2.2)

Here X is the result of the coordinate measurement, and p is the object’s momentum just
after the measurement. Xxjni; and pjn; are the coordinate and momentum just before the
measurement, which depend on the initial state of the object. 0 Xmeasure and 6 pperturb are the
imprecision and random perturbation from the measurement. Linear measurement require
that 6Xmeasure and Opperrurh are statistically independent of the object’s initial state, and
satisfy the uncertainty relation (1.9) and depend only on the initial state of the probe. In
other words, linear measurement required that the uncertainty relations for the observables
and its perturbed variables are state dependent, and a counter example is the spin of a

spin-1/2 particle, where the uncertainty relation of its spin in the x and y directions is
h
ASxASy 2 5 (Sl (2.3)

where S, Sy, and S, are the spin in X, y, and z directions. Unlike the case of position and
momentum of a particle, in this case, the uncertainty relation of S, and S, dependsP on the

state of the particle.
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2.1.2.2 Continuous linear measurement

Up to this point, we have been considering the effects of the uncertainty principle in a
single measurement or repeated measurement. In real world application, continuous linear
measurement is of particular interest. The interest of continuous linear measurement arose in
the 1960s, when the technologies (masers [35], lasers [85, 63], parametric amplifiers [0], ...)
of making continuous linear measurements get close to the level where the quantum effects
have to be taken into account. However, the traditional quantum theory of measurement
did not treat continuous measurements. Different approaches to the analysis of continuous
quantum measurement werte developed during the 1980s [13, 14, 12, ]. Here we
follow the approach of Braginsky et al. [8] to discuss the consequences of the Heisenberg
uncertainty principle in continuous linear measurement.

To begin the discussion, let’s go back again to the Heisenberg’” microscope experiment.
Now, instead of a single measurement of the object’s position, we track the position of
the object with a series of measurements with time interval 8, which is sufficiently short
such that the object’s position x will not change substantially between measurements. In
this case, we can average the results of several successive measurements to improve the

measurement precision. If n measurements are averaged, then the position will be known

AXmeasure \/5
Arx = — = Ax -, 24
\/ﬁ measure’\[ - (2.4)

where 7 = nf is the averaging time, which is chosen to be much shorter than the interested

with the precision

time scale of the object. Axpeasure < A is the imprecision of a single measurement, which
is given by Eq. (1.7) in the case of Heisenberg’s microscope.

Now if we reduce the interval 6 between measurements to zero, as a consequence of the
uncertainty principle of photon (1.3), the imprecision of each measurement will approach

to infinity. To illustrate this point, let’s rewrite the uncertainty relation (1.3) to be

0AA >

0
— 2.
> 2% 2.3)

where 8 = Ax/c. In the previous discussion of the Heisenberg’s microscope, the wavelength
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of the photon is assumed to have a precise value, i.e., A1l = 0, and according to the
uncertainty relation (2.5) it requires infinite time to perform the measurement, i.e., § — oo
and the imprecision of the position measurement is given by (1.7). Now, as the measurement
time § — 0, the uncertainty of the photon’s wavelength A1 — oo, and therefore the
uncertainty of the object’s position Axmpeasure — 0. Since the average position imprecision

(2.4) and the average time 7 are finite, the quantity
Sy = (Axmeasure)2 0 (2.6)

remains finite. The precision during a fixed averaging time 7 can be expressed as

Acx = \/E 2.7)
T

To clarify the physical meaning of Sy, let’s consider the continuous version of (2.1), which
is

X (1) = x (1) + Xt (1) 5 (2.8)

where X (¢) is the output signal of the measuring device, which is given by the sum of the
input signal x (#) and the noise xgy,c (#) added by the apparatus. The quantity S, is the
spectral density of the added noise xqyc (7).

Next, let’s consider the backaction of the measuring device on the object. The continuous

version of (2.2) is

Pafter (1) = Poefore (1) + Pperturb (1), (2.9)

where ppefore (1) and pagier (¢) is the object’s momentum right before and right after the mea-
surement. Pperurb () is the random momentum perturbation induced by the measurement,
the rms change of this momentum perturbation APperwurb o 1/4, which is given by Eq. (1.8)
for Heisenberg’s microscope. The variance of the momentum increases in the manner of a

diffusive process, and after the averaging time 7, the rms momentum perturbation is

p
Arp = APperturb : \/_ = Apperturb : \/g . (2.10)
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as 8 — 0 and 1 — oo, the collisions of the object with the photons become more frequent
and the change of momentum per collision becomes smaller in such a way that the rms
deviation of the momentum after a fixed time remains constant. We can define a finite
quantity

Sk = 7 (Apperury)” @.11)

SRl

and Eq. (2.10) can be expressed as
Arp = +/SFT. (2.12)

The quantity Sr is the spectral density of the backaction force.
By taking the product of Eqgs. (2.6) and (2.6) and using the Heisenberg uncertainty

relation (1.9), we obtain

5 2 W
Sx ’ SF = (Axmeasure) : (Apperturb) 2 Z (213)

This inequality plays the same role as the Heisenberg relation (1.9) in discrete measurement,
and it establishes a universal, mutual connection between the measurement imprecision and

the measurement backaction. A general and rigorous analysis can be found in [£].

2.2 Quantum limit of amplification and detection

In the previous section, we have discussed the effects of the Heisenberg uncertainty
principle to measurement by considering examples such as Heisenberg’s microscope and von
Neumann’s speed meter. In this section, we will discuss the quantum limit of measurement
in a general and rigorous context. We will first discuss the approach introduced by Haus et
al. [39] and further clarified and extended by Caves [!2], which focuses on the quantum
limit in linear amplifiers of bosonic modes. Then, a more general theory for generic linear

amplifier by Clerk [19, 24] will be discussed.
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Figure 2.1: Signal in the quadrature space.

2.2.1 Standard Haus-Caves quantum limit
Basic

Consider a narrow band linear amplifier that both of its input and output signals are

narrow band signal with bandwidth Af, i.e.,
£() = ae”™ + 4" = X, coswt + X sinwt, (2.14)

where d and @' are the annihilation and creation operators of the bosonic mode with carrier
frequency w. The signal information is carried by the two slow varying quadratures X (1)
and X, (t) on a timescale T = 1/Af > 2x/w. As shown in Fig. 2.1, the information of
the signal can be represented in the quadrature space. To illustrate the physical meaning
of the quadratures, we choose (X») = 0 without loss of generality. As shown in figure, the
uncertainty in X; corresponds to amplitude fluctuation of fractional size AX/ (X1), and the
uncertainty in X, corresponds to phase fluctuations of size A6 = AX»/(X,). According to
quantum mechanics, the only non-zero commutator of the bosonic operator d and a" is (see
section 3.4 for detail derivation)

[a, a*] =1, (2.15)

and therefore

[;21,)?2] = 2i, (2.16)
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Figure 2.2: Schematic of a linear amplifier.

or in terms of the uncertainty relation, AX; - AX> > 1, quantum mechanics place a funda-
mental limit to the area of the noise blub in Fig. 2.1. In the following, we will discuss the
consequences of the uncertainty principle to the added noise of a linear amplifier.

In the following discussion, the output signal of the linear amplifier is represented by
$ (1) = be ™ + BT = ¥, cos wt + Y5 sin w, (2.17)

and the input signal is given by Eq. (2.14), where a schematic of the a linear amplifier
is given by Fig. 2.2. The output signal is linearly related to the input signal in a linear
amplifier, i.e.,

b=Ma+ La" + 7, (2.18)
where M, £, and ¥ are operators that depend only on the internal modes of the amplifier,
and therefore they commute with the input mode operators d and a°.

Assumptions

First, we prepare the amplifier into an initial state which is independent of the input

state, and the initial density operator of the entire system can be written into

P = P1 * Pops (2.19)

where pr is the initial density operator for the input state and pop is the initial density
operator of the amplifier’s internal modes. Here we work in the Heisenberg picture, where

the density operator does not change with time.
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Then, we expand the operators of the internal modes around its operating state, i.e.,

M = (Mo + M, (2.20)
L=(Lyp+3L, (2.21)
F = (FYop + 6F, (2.22)

(2.23)

where S M and 6.£ are the gain fluctuations, which introduce multiplicative noises to the
output signal. ¢ ¥ is the additive noise to the output signal. In the following discussion, we
assume the multiplicative noises SM and 6L are negligible in the operating state, and we
set the constant shift of the output signal (93)0;, = 0 without loss of generality. Then, the
linear relation (2.18) becomes

b=Ma+La"+F, (2.24)
where M = (M)OP, L= (f}op are the expectation values of the gains, and F = §F is the
additive noise of the amplifier.

Uncertainty relations and quantum limit on added noise

Since both the input mode and the output mode follow the bosonic commutation relation
(2.15), which implies
[£. 7] =1- M+ |LP, (2.25)

or in terms of the uncertainty relation

1
IAF|2, >

2 2
o = 5|1 = 1M +ILP. (2.26)

We can rearrange the linear relation (2.24) in terms of quadratures

Yi=WM+L)X; +F, (2.27)

Hh=M-L)X, + b, (2.28)
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where

I
- _ T
Fi=3 (F+F7), (2.29)
oL (p
b= 2( F). (2.30)
The uncertainty relation (2.25) implies
Ap I 2 2
[F1. B 2 3 (1= 1MP+ILP). (2.31)
or in terms of uncertainty relation
1
AFy - AFy 2 o |1 —M*+ |L|2]. (2.32)

The fluctuations of the output quadratures are
(AY)? = Gi (AX1)* + (AF)?, (2.33)

where i = 1,2, the quadratures’ power gain G| = (M + L)2, and G, = (M - L)z. The

added noise is conveniently characterized by the added noise numbers
Ai = |AF? /Gy, (2.34)

and the uncertainty relation of the added noises directly follow the commutation relation

(2.31), which is

1 1
AlAry > = |1 F , 2.35
VAIAy 2 5 e (2.35)

where the upper (lower) sign holds if |M| > |L| (]M| < |L|). The uncertainty relation
implies that, as a general rule, a reduction in the noise added to one quadrature phase

requires an increase in the noise added to the other phase.
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Phase-insensitive linear amplifier

To illustrate the quantum limit of the added noise, let’s first consider a phase-insensitive
linear amplifier, which amplifies both quadratures equally, i.e., G| = G, = G = M? (phase
preserving) or G; = Go» = G = L? (phase conjugating), and A; = A» = A/2. Then the

uncertainty relation (2.35) becomes

1¥ —‘ . (2.36)

Therefore, a high gain phase-insensitive amplifier must added at least half quanta of noise
to both quadratures at the input signal. Note that if there is no gain (G = 1), the amplifier

need not add any noise.

Phase-sensitive linear amplifier

For phase-sensitive linear amplifier, one can surpass this quantum limit (2.36) in one of
the quadrature. For example, consider an amplifier such that M? — L? = VGG, = G > 1,
and therefore A; - Ay > % |1 - é‘ - i. One can design the amplifier so that it amplifies the
quadrature of interest, for example G| > 1, and the added noise for that quadrature can be
below the quantum limit for the phase-insensitive amplifier (A; < 1/4) in the expense of
increasing the added noise to the other quadrature (A > 1/4). This type of phase-sensitive
amplifier can be realized with degenerate parametric process. Another example is given by
designing an amplifier such that M = L = VG/2 > 1 (G| = G and G, = 0). The amplifier
completely give up the information in the X, quadrature, in this case AF] - AF, > 1/4.
Therefore, the added noise in the X; quadrature can be below the quantum limit when the
gain is sufficiently high (A} = AF;/ VG < 1/4). This is the backaction-evading (BAE)

technique we used to monitor the mechanical motion.

2.2.2 Linear response theory

In this section, we will introduce the linear response approach developed by Clerk et

al. [19, 24] to discuss the quantum limit of a generic linear response position detector.
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Figure 2.3: Schematic of a linear response detector.

Unlike the Haus-Caves approach where both the input and the output are bosonic modes,
this approach considers a generic linear detector which can be a fermonic base such as single
electron transistor (SET) or quantum point contact (QPC). Moreover, this approach directly
involves the noise properties of the detector, and allows one to derive simple neccessary
and sufficient conditions for reaching quantum limit. Note that the linear response approach
can be applied to different systems [22, 21, 24], and here we focus on the discussion of the

quantum limit of continuous position detection.

Basic

In the linear response approach, the detector is a physical system with Hamiltonian Hye;,
and it has an input, characterized by the operator £, and an output, chanracterized by the
operator I, the schematic of the linear response detector is shown in Fig. 2.3. The input

port is linearly coupled to the signal operator £ with the interaction Hamiltonian

A A

A = —A% - F, (2.37)

where AF is the backaction applyis the quantity that to the signal source. [ is the physical
quantity that is read out at the output of the detector. In the following, we work in the
Heisenberg picture with respect to the detector Hamiltonian Hge;.

We consider that the coupling A is sufficiently weak such that the output of the detectort
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can be described by the linear response relation

(1)) =D +Afdf')(1F (t=1) (£ (1)), (2.38)

where (...)o indicate the expectation value with respect to the initial density matrix of
the uncoupled detector. (I)¢ is the input-independent value of the detector output at zero
coupling. y;r (¢) is the linear-response susceptibility or gain of the detector, which is given

by the Kubo-like formula

Xir () = =50 O[T 0). £ O)]o. (2.39)

In general, the detector can operate in reverse, i.e., Hy = —AX/, and

(F (1)) = (F+ Afdt')(n (t=1) (% (1)) (2.40)

with reverse gain

XFi (1) = —%9 O ([F @), 1)), (2.41)

Uncertainty relation and quantum-ideal detector

Both the input and the output operators are subjected to the unavoidable noise. Here,
we quantitatively characterize this noise with the symmetric-in-frequency part of tyhe noise
spectral density. Redefining the operators F — F — (F)o and [ — I — (I, the symmetric

spectral density of the input and output are

Spr[w] = % j: B dte"w’({ﬁ(;),ﬁ(O)}>o, (2.42)
S lw] = % I ) dze"wf({i ), 1 (0)})0, (2.43)
Sir[w] = % f_ " dte“’”<{f (t),ﬁ(O)})O, (2.44)

where S;; is the intrinsic noise in the output of the detector, S is the backaction noise seen

by the source of the input signal, and S; is the correlation between the input and output
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noise.

Following the Heisenberg’s uncertainty relation

Lygr ann2 1rs a02
2 2
(AA)? (AB)? > Z({A,B}) +Z<[A,B]> , (2.45)
the noise spectral densities have to follow the inequality [19, 24]
. - ny ? S
St 101 Srr (0] - [Sir o] M‘ (1+A[ Ir [‘”]]), (2.46)
2 hyir/2

where A[z] = [[1+ 22| = (1+1z1%)] /2 and ¥1r (@] = xir (@] = X5 [@]. A quantum-
ideal detector (at a given frequency w) is defined as one which minimize the left-hand side
of Eq. (2.46). In this work, we focus on detectors without reverse gain, i.e., Yy = 0. The

condition to have a quantum-limited detector becomes

o ] 7 2 S
Su1101 Srr 0] - |Sie L] = ‘X%[‘“]‘ (1 A [h’;—i‘;’;]) (247)

This ideal noise requirement places a strong constraint on the properties of the detector. As
discussed in [19, 24], for a quantum-limited detector, there must exist a complex number @

such that
(S = alfIF|D), (2.43)

where |i) and | f) are the initial and final states that contribute to the noise spectra Spr [w]

and S;; [w]. The amplitude and imaginary part of the complex number « are given by

la [w]] = \/511 [w] /SFF [w], (2.49)
mlalol ___hurlol2 250
la [w]] \/S]] [w] SFF [w]

Note that in order to have a non-vanishin gain (y;r [w] # 0), one needs Im {a [w]} # 0. It
implies that the set of all initial states |i) has no overlap with the set of all final states | f),

which means that a quantum limited detector cannot be in equilibrium.
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Detector backaction

As mentioned in the previous section, the detector would generate backaction force AF
to the source of the input signal, in this case the mechanical oscillator. In this section, we
will discuss the consequence of the backaction. The motion of the mechanical oscillator

under detection can be described by an effective classical Langevin equation,
mi (t) = —mw? x (1) =m0y (1) + Fy (£) — mA? f di'Tae (1 = 1) % (') = AF (1), (2.51)

where w,, is the resonance frequency of the mechanical oscillator with mass m. Fp is the
random fluctuating force from the equilibrium phonon bath, whose spectrum is given by

the standard equilibrium relation

_ 0
Sk, [w] = mDyliw coth ( @

o T) = mDyhw (2n], (] + 1), (2.52)
B

where nz [w] =1/ (eh“’/ kT _ 1) is the average mechanical occupation. I, is the damping
due to the equilibrium bath, and is related to the asymmetric part of the noise spectrum of

Fy by

. = L SF()FO [(1)] - SF()F() [—(1)]

= , 2.53
him 2w ( )

which is a constant for equilibrium bath. Iy is the damping induced by the detector.
Similar to I, it is given by the asymmetric part of the backaction force F from the detector,

that is
I Sprlw] = Srr[-w]

Lot [w] = o= o

(2.54)

Note that ['4e; can be positive or negative depending on the operating state of the detector.
Similar to the relation (2.52) in the equilibrium bath, one can define the effective temperature

of the detector is

(2.55)

coth ( fiw ) Srr [w] _ Srr [w] + Spr [~w]
2kpTefr [w] Liet [Wlhw — Skr [w] — Spr [—w]
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or interms of symmetric spectrum

hw

S = ml, h th| ———
Srr [w] = mlget [w] iw co (2kBTeﬂv[w]

) = mlget [w] hiw (2npa [w] + 1), (2.56)
where nga [w] = 1/ (eh“’/ kpTelw] _ 1). Note that the effective temperature Teg [w] simply
serves as a measure of the asymmetry of the detector’s backaction noise Sgr[w]. As
discussed before, a quantum-limited detector cannot be in equilibrium, and one cannot
define a physical temperature for a quantum-limited detector. However, as discussed in
[19, 24], the power gain of a high gain quantum-limited detector is given by

_ [Im{a [w]} 4ksTeq []]?
p— .

(2.57)

la [w]] hw

In order to have large power gain, one needs to have a large effective detector temperature.
Another important consequence of large power gain is that the gain y;r [w] and the noise
cross correlator S;r [w] are in phase, i.e., S;r [w] / x1F [w] is purely real, up to correction
that are as small as w/Teq [w] [].

The solution of the position fluctuation in frequency space is given by
0x [w] = xxx [w] (Fy [w] + AF [w]) (2.58)

with the mechanical susceptibility

1/m

w? - a),%) + iwle [w]

Xax W] = _( (2.59)

where T [w] = T, + A2y [w] is the total damping rate of the mechanical oscillator.
Defining the symmetrized equilibrium position noise of the mechanical oscillator with

damping T [w] and average mechanical occupation 2 by

Srreq @, T] = AIm () rx [w]} (2000 +1). (2.60)
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The symmetric noise spectrum of the mechanical motion is
Ser @] = Lxax (0] (ko (@] + A2Spr [0]) = Seq [, 7] 2.61)

with the effective phonon occupation

_ _ L T Azrdet [w]
iy [w] = T [w]nm [w] + —rtOt o] nga [w] . (2.62)

Consider w,, > Ty, the only important contributions of S FoF, and Srr [w] is at w = +w,,
then Eq. (2.61) becomes symmetric noise spectrum of a mechanical oscillator in an effective

Ohmic bath with damping rate 'y [w;,] and equilibrium phonon occupation 7, [w,].

Quantum limit on added noise

After discussed the requirement of a quantum-limited detector and the detector backac-
tion to the mechanical oscillator. In this section, we will derive the quantum limit on the
added noise in the position measurement. Here we treat both the position of the mechanical
oscillator and the detector output as classically fluctuating quantities. Using the linear

relation(2.38), the fluctuation of the detector output in the frequency space is
0liot [w] = 61 [w] + Axir [w] 6x [w], (2.63)

where 01 is the intrinsic fluctuation of the detector output, which has a spectral density
Sir[w]. Together with the solution (2.58), the spectral density of the total noise in the

detector output is given by
Stgot[w] = Spr [w] + A% |y 17 [0]1 Scxetr [w] (2.64)
with the effective mechanical spectrum

Serert [w] = Six [w] = 2Re { x4, [w] Sor [w]}, (2.65)
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where .
Sir [w]

S. = )
rle] Xxir [w]

(2.66)

The spectral density of the position fluctuation inferred from the output of the detector

is given by normalizing the detector output by the gain of the detector, i.e.,

5. (@] Siotlwl Sy w]
xx,tot -
A2 yirlw]* A% yir (0]

+ Sprer [w] . (2.67)

To quantify the added noise from the detector, we can rewrite it as

_ T, -

Sxx,tot [w] = msxx,eq [w, n;] + gxx,add [w] (268)

with the added noise defined by

= Si1 [w]

Suvaaa 0] = oS+ A% s 01 S (0] - 2Re i 0 Sir 0]} 269)

The first term describes the imprecision of the detector, the second term describes the
detector backaction apply to the mechanical oscillator, and the third term describes the
correlation between the imprecision and the backaction.

Here we focus on the added noise at the resonance of the mechanical oscillator (w = w,;,),
in this case, the mechanical susceptibility is purely imaginary, i.e., yx (W) = i/mwy Lo
For a quantum-limited detector with high power gain, S.r [w] is purely real. In this case,
the third term in (2.69) becomes zero. Moreover, a quantum-limited detector has to satisfy
the noise constraint (2.47), and since there is no further constraint on S;z, we can minimize

the expression by setting it equal to zero. Then the added noise (2.69) becomes

_ 12

Sexadd = 7 e+ X x> A%k, (2.70)

Here we consider w = w,, and neglect the frequency dependence. As shown in (2.70), as
one increases the coupling A, the detector imprecision decreases but the detector backaction

increases, as shown in Fig. 2.4. In order to obtain the minimum added noise, one needs to
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Figure 2.4: Added noise as a function of coupling strength. The blue line is the measurement
imprecision, the red line is the measurement backaction, the black curve is the total added
noise, and the dashed line represents the standard quantum limit.

attain the optimum coupling

=t 1 1T e @.71)
2| Xax| Sk 4 Tder kpTer” '

At the optimum coupling, the detector imprecision and the detector backaction contribute
equally in the added noise, and the minimum added noise of an quantum-limited detector is

(Sxx,add [wm]) N =h |Xxx [wn]l = Sxx,eq [wpm, 0] . (272)

mi

We end up with the same result in the Haus-Caves approach for phase-insensitive amplifier,
i.e., the added noise of a high power gain quantum-limited position detector must be at
least as large as the zero-point noise of the mechanical oscillator. A general derivation for
arbitrary w can be found in [19, 24]. Note that at the optimum couping A = Ay, and the
power gain (2.57) at large power gain limit can be expressed as

2

I [, + A2 Ty
m{a/} opt* det , (2.73)

G ~
p— 2
|(1| Aoptrdet
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which means that in order to achieved quantum limit with large power gain, the intrinsic
damping rate of the mechanical oscillator has to be much larger than the damping induced

by the detector (T, > A2

optldet). Note that if we do not require high power gain, then

Sir [w]/ x1F [w] can be purely imaginary, and the detector does not need to add any noise

[19, 24].

2.3 Quantum non-demolition (QND) measurement

In section 1.1, we have shown that not every repeated measurement would generate
unpredictable result, for example, momentum measurement with von Neumann’s speed
meter. This type of measurement that the measurement result is completely predictable
from the result of the preceding measurement is called quantum nondemolition (QND)
measurement or backaction-evading (BAE) measurement. In this section, we will give a
formal discussion on the general conditions of this type of measurement [5, 15, 7].

To start the discussion, let’s consider an arbitrary quantum mechanical system described
by the free system Hamiltonian Flsys. We measure the physical observable A of the system
by coupling the observable to a physical apparatus, which is described by the detector
Hamiltonian Hge, with the interaction Hamiltonian Hy,. The total Hamiltonian for the
system plus apparatus is

A

H = Hys + Hyer + Hing. (2.74)

A QND measurement of an observable A is defined as a sequence of measurements of A
perform in such a way that the outcomes of each measurement are predictable from the

result of the previous measurement.

2.3.1 Requirements on the observable

As described by the definition, QND measurement places a very strong restriction on
the observable O of the system. Consider performing the first measurement at ¢, according

to the projection postulate, the state of the system would be reduced to the normalized
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eigenstates of O (1), i.e.,

¥ (t0)) = ), ca 100, @) (2.75)

a

Here we are working in the Heisenberg picture, where a labels the states in any degenerate
subspace of O (tp). In order to be a QND measurement, a second measurement will
give a predictable result, and the states |Op, @) must also be eigenstates of O (1), but not

necessarily with the same eigenvalue, i.e.,
O (11) 100, @) = f1(00) |00, @), (2.76)

where f] is an arbitrary real-value function. This implies the operator equation for a

measurement at time 7y,

O (1) = fi [0o] 2.77)

or equivalently

[é (t;)),0 (tk)] = 0. (2.78)

If (2.78) holds only at discrete instants of time, then the observable is called a stroboscopic

QND observable. For example, for the position and momentum of a harmonic oscillator,

[X(@),X(t+71)]= % sinwT, (2.79)

[p(@),p(t+71)] =ihmw sinwr, (2.80)

they are stroboscopic QND observables at time spaced 7 = nx/w. If the condition (2.78)
holds at all time, it is called a continuous QND observable. For example, consider the

quadratures of a harmonic oscillator,

A

X, () = £ cos wt — L sinwt, (2.81)
maw
£, (1) = & cos wt + L= sinwr, (2.82)

maw
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which are constants of motion of a harmonic oscillator, i.e.,

d_)?f:‘a_yf_i[;z.,go] _0, (2.83)
dt or  ml
therefore they satisfy

X, 0. % ()] =0 (2.84)

for arbitrary ¢ and #". The quadrature X, and X, are continuous QND observables.

2.3.2 Requirements on the interaction

In addition to the condition on the free quantum system (2.78), in order to perform a
QND measurement, one needs to carefully design the interaction between the apparatus and

the system: the measurement should not perturb the observable O, which means that
[01 (). 81 ()] =0, (2.85)

where O; () and H; (1) are the interaction picture operators, i.e.,

01 (t) =U] (t,10) O (t) Uy (1, t0), (2.86)
Ay (1) =U; (t.10) U}, (t,10) H (1) U (1,10) Uy (1, 10), (2.87)

where U (1,10) and Uy (¢,t9) are the time evolution operators for the system and the
apparatus. A simple way to satisfy this condition is to interact the observable linearly to the
apparatus, i.e.,

H, =-A@1)OF, (2.88)

where F is some observable of the apparatus and K is the coupling between the apparatus and
the observable. In section 4.3.2, we will give a physical realization of QND measurement

of the quadrature with an opto/electro-mechanical system.



54
2.4 Squeezed state of a harmonic oscillator

After discussed the effects of the Heisenberg uncertainty principle on detection (Eq.
(1.9)), in this section, we will consider the consequences of the Heisenberg uncertainty
principle to the quantum state of the system (Eq. (1.9)), i.e., what kind of quantum states

would minimize the uncertainty relation, i.e.,
A o h
Ax-Ap = |({X,p} + [%,P])] /2 = X (2.89)

The answer of this question is first given by Schrodinger in 1926 [87], and further generalized
by the others [34, 51, 52, 92, , 90]. In order to satisfy the minimum uncertainty relation

(2.89), the state needs to satisfy two conditions:

L WP Y)Y =0, (2.90)
2. Blyy=Bly), (2.91)

where B = (£ +iup) /A2uand B = ((X) + i (p)) /21, and condition one requires that
u € Re.

Defining the annihilation operator,

. mw | PR W A
az,/T(x+%p) —§(X1+1X2). (2.92)

Here we consider a harmonic oscillator with mass m and frequency w, its motional quadra-

tures X; and X, are given by

X1 =a+a" = &/x,, (2.93)

a
Xy ==i(a-a") = p/mwxsy. (2.94)
Now the operator 8 can be written in terms of the annihilation and creation operators as

B = acosh (r) + a' sinh (r) (2.95)
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Figure 2.5: (a) Example of coherent state. (b) Example of squeezed state.

with

(2.96)

r = cosh™! (1 +'u/12).

244K

The operator 3 is an annihilation operator of a Bogoliubov mode, which is simply a
Bogoliubov transformation of the annihilation and creation operators that conserve the

commutator relation, i.e.,

[8.57] = [aa"] = 1. (2.97)

The states that satisfy the minimum uncertainty relation can be characterized by a complex

parameter @ = % (X1 +iX>) and real parameter r, or ) = |r, @).

2.4.1 Coherent state

First, let’s consider a special case where r = 0. Then, condition (2.91) becomes
ala) = ala), (2.98)

and the quantum state that satisfy Eq. (2.98) is called coherent state, which is given by

D)0y = e P2 O 299
lay =D (a)]0) = e ;WW (2.99)
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where D (a) = exp (a/dT - a/*d) is the displacement operator. The coherent state has the

following expectation values and variances:

(X +iX) = 2a, (2.100)
AX| =AX; =1, (2.101)
() = lal?, (2.102)
An = +n, (2.103)

where 7 = a'a is the number operator. Fig. 2.4a shows a coherent state in the quadrature

space.

2.4.2 Squeezed state

Having obtained the special solution for » = 0, finding the eigenstates of the Bogoliubov
mode S is equivalent to finding an operator S which can transform the Bogoliubov mode 3

into d by means of similarity transformation, which is given by the unitary squeeze operator

[90, 103]

S[el = exp B (era® - e&”)]. (2.104)

Here we consider a more general transformation that e = re?¢, which is a complex number.

The squeeze operator obeys the relations
ST (e)=8"(e) = S (~¢) (2.105)

and has the following transformation properties:

S(e)aS" () = acoshr + a'e % sinhr, (2.106)
S(e)a'S" (€) = a" coshr + de % sinhr, (2.107)
S (e) (} + i?z) St (e) = e +ithe, (2.108)
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where

Vi +if = ()?1 + i)?z) ei¢ (2.109)

is the rotated complex amplitude. When ¢ = 0, then Eq. (2.106) becomes (2.95). The
eigenstate of the Bogoliubov operator 4 is given by applying the squeeze operator S () to

the coherent state |a), which is
la, €) = D (@) S (¢) |0), (2.110)

this state is called squeezed state, which has the following expectation values

()21 + ifQ) = <Y1 + i@)d"ﬁ = 2aq, (2.111)
AYy =€, AV =, (2.112)
(A) = |a|? + sinh® r, (2.113)
(An)? = |a coshr — a*e?® sinh r|” + 2 cosh? r sinh? . (2.114)

The squeezed state has unequal uncertainties in the quadratures ¥; and Y>, as shown by the
error ellipse in in Fig. 2.5. The principle axes of the ellipse lie along the rotated quadratures

Y; and 5. Note that

i i
Ax-Ap = EAXIAXZ = 5\/ 1 + 4 sinh? r cosh? r sin? 2¢, (2.115)

only when ¢ = 0, the squeezed state minimizes the uncertainty relation (2.89).

2.4.3 Discussion

The minimum uncertainty state is one of the most important type of quantum states,
which has long been applied to various fields of theoretical physics such as quantum field
theory, quantum statistical mechanics, solid state physics, etc. [50, 29, ]. These quantum
states become widely recognized in the experimental side (particularly in optics) during the

1960’s due to the works of Glauber [34], Klauder [51, 52], and Sudarshan [92]. Together
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with the invention of maser and laser, which makes these quantum states become available
in experiment. These states provide a lot of applications, such as ultra-sensitive detection
[15] and quantum information processing [9, ].

The statistical properties of the coherent light were first observed by Arechi in 1965
[1]. Twenty years later, squeezed light was observed by several groups in various systems
[89, 88, , 62]. Nowadays, More than 10 dB squeezing has been realized via optical
parametric oscillation [101]. Recently, squeezed light has been generated in an on-chip
optomechanical system [84]. Besides electromagnetic wave, the quantum squeezed states
of motion have been observed in microscopic degrees of freedom such as the motion of a
trapped ion [65, 48] or lattice vibration in solid [32]. In macroscopic degrees of freedom
such as the center of mass motion of a nanomechanical resonator, thermal squeezed state was
first demonstrated by Rugar et al. with the parametric driving technique [79]. Until recently,
quantum squeezed states of nanomechanical resonators have been generated [1 10, 58, 72, 60]
via the reservoir engineering squeezing technique [54] in electromechanical systems. We

will introduce this dissipative squeezing technique in section 4.3.3.
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Chapter 3

Cavity electromechanics with
superconducting circuits

This chapter describes the procedure of building a cavity electromechanical system out
of electrical circuits and a mechanical oscillator. First, a classical description of circuits
and the mechanics will be given. Because the experimental temperature is 10 mK and the
energy scales of the circuit (~ 5 GHz) correspond to temperature of 250 mK, a quantum
description of the circuits and the mechanical oscillator is used to fully understand the
behavior of the electromechanical system. Connection between the language of microwave
engineering to that of quantum optics will be discussed. At the end, the quantum theory is

used to describe the cavity electromechanical system.

3.1 Lumped element microwave resonator

In cavity opto/electromechanics, a harmonic mode in the cavity is coupled to the me-
chanical oscillator. In microwave domain, the cavity can be realized using electrical circuits.
Fig. 3.lais the optical micrograph of our device, which is a lumped element supercon-
ducting microwave resonator: a parallel plate vacuum gap capacitor in parallel with a spiral
inductor. The mechanical element in this device is the top gate of the capacitor, which is
a high Q suspended aluminum membrane. In order to excite and read-out the microwave
resonance, the LC resonator is capacitively coupled to transmission lines. The equivalent
circuit is shown in 3.1b, the lumped element resonator is represented by the RLC resonator

(blue), and the couplers are represented by the capacitors on the input and the output sides
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Figure 3.1: Cavity electromechanics. (a) An optical micrograph of a circuit cavity elec-
tromechanical system, which is a lumped element LC resonator with a movable capacitor. (b)
The equivalent circuit of the circuit cavity electromechanical system in (a). (¢) Impedance
of the RLC resonator, the blue curve is the amplitude and the red curve is the phase.

(black).

In this section, we will focus on the microwave resonator (blue lines in Fig. 3.1b). By
applying the Kirchhoff’s current law, the equation of motion of the magnetic flux in the
inductor is

o 1dd O

 ——+— =0, 3.1
a2 "RCdr " LC G-

and the solution of this differential equation is
@ (1) = Opexp [i (we +ik)t+ P, (3.2)

where the frequency w, = 1/VLC and the decay rate x = 1/RC. In frequency domain, the

circuit can be described by its impedance Z(w), which is given by

-1
Z(w) = (ja)C + ]@LL + %) . 3.3)

Near resonance, we can expand Z(w) to first order in dw = w — w,, which yields

R
1+2j06w/w.’

Z(w) ~ (3.4)

where Q = w,./k is the quality factor of the cavity, which is the number of oscillation within

the cavity decay time 7 = 1/k = RC before the system comes to equilibrium. Fig. 3.Ic
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Figure 3.2: Transmission line. (a) A schematic of a transmission line with impedance Zj
and phase velocity v. Vipou are the incoming and outgoing voltages (relative to z = 0).
I(z,t) and V(z, t) are the current and voltage. (b) The equivalent circuit of the transmission
line in (a). ¢ and [ are the capacitance and inductance per unit length, ¢(z,7) is the node
phase.

shows the real and imaginary part of the impedence Z(w). The motion of the mechanical
oscillator varies the resonance frequency of the LC circuit through the modulation of the
capacitance. By measuring the frequency modulation of the impedance, we can detect the

mechanical motion.

3.2 Classical transmission line theory

In order to probe the resonator, we need to connect the circuit to the outside world. In
microwave domain, it can be realized by connecting the electrical resonator to transmission
line. In this section, we follow [24] to give an introduction to the transmission line theory

and the classical input-output theory.

3.2.1 Transmission line theory

Fig. 3.2ais the coaxial transmission line, which is generally used to guide microwave

signals. Because the physical dimensional of the transmission line is much longer than the
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wavelength of the microwave signal used to drive the circuit, the voltages and currents can
vary in magnitude and phase along the line. An ideal transmission line can be considered as
a perfectly conducting wire with inductance per unit length of / and capacitance to ground
per unit length ¢, the equivalence circuit of the transmission line is given by Fig. 3.2b.
Applying the Kirchhoff’s voltage and current law, we arrive at the dynamical equations

of the voltages and currents in the transmission line,

ov ol
—(z,t) ==l— (z,1), 3.5
oz (z.1) 5 (&) (3.5

ol ov
92 (z,1) = —CE (z,1). (3.6)

Egs (3.5) and (3.6) can be decoupled by introducing the left and right propagating modes

V(z,t) = Vr(z,t) + VL (2,1), (3.7)
1
I(Z’t): Z[VR (Z’t)_VL (Zat)]’ (38)

where Zy = VI/c is the characteristic impedance of the transmission line, which gives

Ve Vg _
v =0, (3.9)
oV Vi

5 Vg =0 (3.10)

where v = 1/Vlc is the phase velocity of the electromagnetic wave in the transmission line.
Since the transmission line is dispersionless (v is constant), the solution of these equations

can be propagated by uniform translation without changing shape,

Vk (z,1) = Vin (t— é) (3.11)
VL (z,1) = Vou (t+ E), (3.12)
1%

where Vi, and V;,; are arbitrary functions. Here, we define the right propagating mode as
the incoming mode and the left propagating mode as the outgoing mode. For an infinite

transmission line, the right propagating mode V;, and the left propagating mode V;,; are
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Figure 3.3: A transmission loaded by a system with impedance Z.

completely independent.
For most of the applications, the transmission line is terminated at z = 0 by some system
(Fig. 3.3a). In this case, the two solutions (3.12) and (3.11) will be related by the boundary

condition,

V(z=0,1) = Vip () + Vour (1), (3.13)
[(z=0.1) = szgt ) _ V°“Zt0(t ). (3.14)

We can rearrange Eq. (3.14) to
Vout (1) = Vin (1) = Zol (2 = 0,1) . (3.15)

The first term in the right hand side is the contribution of the incoming wave, the second
term is from the current injected by the system dynamics. Therefore, one can probe the
system by measuring the output field of a transmission line. The net power flowing into the

load is equal to

1
P=— [V -V 0] (3.16)

3.2.2 The effects of a transmission line to the system

The transmission line not only enables us to probe the system, but also loads the system
and influence its dynamics. For example, if we turn off the input field in Eqs. (3.13) and
(3.14), the response of the transmission line at z = 0 is equal to the response of a resistance

with resistivity equal to the characteristic impedance of the line Zy. The semi-infinite
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Figure 3.4: (a) A transmission line loaded by an LC circuit. (b)(c) The equivalent circuit
of (a), where the effect of the transmission line to the LC circuit is equivalent to a noisy
resistor. (b) Noise current source in parallel to a resistor. (c) Noise voltage source in series
with a resistor.

transmission line simply carries the energy away from the system as propagating wave.
The infinite extent of the line allow us to introduce dissipation with only reactive elements,
which enables us to formulate a quantum theory of a resistor, we will explore this topic
later.

Although the transmission line induces dissipation, it also enables us to control the
system. To make it clear, let’s combine Eqgs. (3.13) and (3.14) to eliminate the output field

Vout> then we can express the system current and voltage in terms of the input field,

2Vin () V(z=01)

I(z=0,¢t) =
(z ) Zy Z

(3.17)

where the first term in the right hand side is the external drive that is used to control the
system, the second term describes the dissipation induced by the transmission line. For
example, consider a LC resonator couples to a semi-infinite transmission line as shown in
Fig. 3.4a. Using the Kirchhoff’ current law, the equation of motion of the magnetic flux in

the inductor is
PO 1 do O 2

- JR — = —Vip (¥), 1
a2 " Zcdr TIc " Zc @ (3.18)
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the second term in Eq. (3.17) results in the damping.

3.2.3 C(lassical statistical mechanics of a transmission line

Compare Eq. (3.18) to Eq. (3.1), the transmission line behaves effectively as a resistor.
The effect of the transmission line to the LC resonator is equivalent to a thermal bath.
Consider connecting a LC resonator to a transmission line at temperature 7 without external
drive, the thermal fluctuation of the transmission line would drive the system into thermal
equilibrium. In this case, Eq. (3.18) is the Langevin equation and the input voltage Vi, (¢)
represents the Langevin force from the bath (the transmission line). To obtain the spectral
density of the fluctuating field V;, (¢), one can write the solution of Eq. (3.18) in frequency

space and solve for ®[w], which gives

2/ZoC
(w2 - w?) —iw/ZyC

Olw] = K[w]lp|w] = Vinlw], (3.19)

where K [w] is the response of the system. The spectrum of the flux is related to the spectrum

of the fluctuating input voltage by
Svolw] = |K[w]*Sy,y,[w]. (3.20)

Here S[w] = S[w] + S[-w] is the single side spectral density. In thermal equilibrium, the

energy of the LC resonator is

_ 1 1 “ dw -
E = 2 (1)2 - — _ = T 21
X 2L< ) I L . Soolw] = kp (3.21)

For high Q resonator (w., > 1/ZyC), the response |K [w]|? is a sharp resonance at the

resonance freqeuncy w,, and therefore

- 1 (P dw _
E = SVme[wc]_f —|K[a)]|2 = Sy, v, [wcl/Zy = kpT. (3.22)
L 0 271'
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In principle, one can couple LC resonators at arbitrary resonance frequency without chang-

ing the interaction with the heat bath. Therefore, Eq. (3.22) implies

Svinvin[a)] = ZQkBT. (323)

A transmission line at temperature 7 generates a white input voltage noise. This relation
between the spectral density of the Langevin force and the dissipation induced by the bath

is the famous fluctuation-dissipation theorm (or Nyquist’s theorem).

2Vin

If we define a noise current /,, = 70

the transmission line is equivalent to a noisy

current source in parallel to a resistor (Fig. 3.4b) with current noise

(3.24)

It can also be described by it’s Noton’s equivalent circuit (Fig. 3.4b), which is a noisy voltage

source (V,, = Zyl,) in series with a resistor with voltage noise

Sv,v, [w] = 23811, [w] = 4ZokpT . (3.25)

3.2.4 Capacitively coupled RLC resonator

In the previous sections, we have discussed a LC resonator directly couples to a trans-
mission line. The quality factor of a resonator couple to a transmission line with impedance
Zy is

0= =w.zC. (3.26)

For the lumped element resonator in our experiment, the resonance frequency w, =~ 27 X
S5GHz and the capacitance C =~ 100fF. If we directly connect it to a 502 transmission
line, the external quality factor would be too small (Qex =~ 0.1). One way to reduce the
dissipation from the transmission line is to couple it through a small capacitor [45].

In our experiment, two transmission lines are capacitively coupled to the resonator with
input coupling capacitor C; and output coupling capacitor Cg (Fig. 3.5a), which has the

equivalent circuit Fig. 3.5b. Here we account for the internal losses of the resonator with
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Figure 3.5: (a) An RLC resonator capacitively coupled to two transmission lines with cou-
pling capacitors Cr, g. (b) Equivalent circuit of (a). (c) The Norton equivalent circuit of (b).
The series coupling capacitors Cr, g and impedances Zp have been replaced with the Norton
equivalent parallel network with capacitors C ’L g and impedances Z;. (d) Capacitively cou-
pled transmission line with impedance Zj and capacitor C, is equivalent to directly coupled
transmission line with impedance Z..
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the resistor R. The Norton equivalent circuit is shown in Fig. 3.5c¢ with

1+ ¢>2
7, = —Jog, (3.27)
q>
1
C, = ——Co, (3.28)
1+ g5

where ¢, = wZoC,, o = L,R. For our device, C, ~ 1 fF and ¢, ~ 1.6 X 1073 <« 1,
therefore Z/. ~ Zy/ q?, and C/. =~ C,. The total capacitance becomes Ciot = C + Cr, + Ck.
Since C > Cpg for our device, we will neglect the resonance frequency shift due to the
coupling capacitances (w. = 1/VLCy =~ w.). Therefore, couples a transmission line with
impedance Zy and coupling capacitance C, is equivalent to directly couples a transmission

line with impedance Z/. (Fig. 3.5d). The quality factor of the loaded resonator is given by

_ 1 1 1 N1 s
Q= (Qint + oL + QR) with

R

Oim = 5 (3.29)
Z 1 Z

OLp=—r=—5—— (3.30)

where Z;c = VL/Cy. The external quality factor Q L.r is enhanced by the factor 1/ qz’ R
For our device, Qp r is around 40 X 103.

For a RLC resonator couples to two transmission lines as shown in Fig. 3.5d, the
equation of motion of the magnetic flux @ in the inductor can be obtained by generalizing
Eq. (3.17) to

I(z=0,t) =

2Vo-,in (t) _ Vv (Z = 0, t)) (3 31)

4 4
o=LLR ( Zo Zo
where [ represent the internal port with Z; = R that account for the dissipation from the
resistor, and L, R represent the input and output transmission lines with Z; , = Zy/ q% R

Then, the equation of motion of the magnetic flux in the inductor is

K+ W2 ® = 2V, (1), (3.32)
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where

K = Koy (3.33)
o=I,LR
Ko
Vi@ = > Vi (1), (3.34)
o=I,L,R K
Ko = I/Z(/)-Ctot' (335)

If the resistor and the transmission lines are in thermal equilibrium at temperature 7,

according to (3.23) the noise spectrum of V, j, is

S‘V(r,inVa-/,m [w] = ZUkBT50,0/~ (336)

3.2.5 Classical Langevin equation of a mechanical oscillator

Although the discussion in the previous sections focus on the dynamics of a LC circuit
couple to a transmission line, the results can be applied to describe a mechanical oscillator

coupled to a dissipative environment by making the following analogue in Eq. (3.18):

C - m,
1

-5 mrﬂb

Zy

1
e w2, (3.37)

D — x,
2
Z_O‘/in_)Fi’b

where m is the mass of the oscillator, I, is the damping rate, and w,, is the mechanical

resonance frequency, which gives the Langevin equation of a mechanical oscillator

2
md x (1) . dx (1)
dt? dt

+ mwx = F, (1). (3.38)
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The force noise of the bath is given by

Sk r [w] = 4mTkpT. (3.39)

3.3 Classical electromechanics in dissipative environment

After introducing the Langevin equations of the LC circuit and the mechanical oscillator,
we are now in the position to describe the classical dynamics of an electromechanical system.
The capacitance of the LC circuit is modulated by the motion of the membrane. For
small displacement from the equilibrium position, the capacitance is linearly related to the
displacement
oC

Ciot (x) = Cior (0) + 6—)5- (3.40)
X

The coupling between the LC circuit and the motion of the membrane is given by the

capacitive energy

1
Eeap = 5 Ciot (%) V2, (3.41)

which gives the radiation pressure

Frag = ———2 = . 3.42
rad Ox 2 9x ( )

The classical dynamics of a driven electromechanical system is governed by the nonlinear

coupled Langevin equations

A’ 1dd @
Crot (X)W‘F?OE'FZ =1, (1) + 1, (1), (3.43)
d’x dx 10C
m—z +ml—s + mawy,x = F, (t) - 5oV "1, (3.44)

where I, () and F, (¢) are the noise current and the Langevin force from the dissipative
environments, and /; (¢) is the external drive current. The output voltage of the transmission
line is given by

Vo-,out (t) = Vo-,in (t) - ZO'I (t) s (345)
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with

I1(t) =

Wein @)V (t)) (3.46)

o=ILR ( Zs Zs

In general case, the nonlinear Langevin equations (3.43) and (3.44) have no analytical
solution without making approximation. For high Q microwave resonator and mechanical
oscillator in strong driving regime as considered in this work, several approximations can
be made to simplify these equations. The solutions of the classical equations have been
discussed in [45]. We will postpone the discussion of the solutions after quantizing the

system.

3.4 Quantization of a harmonic oscillator and a transmis-
sion line

This section briefly discusses the procedure to quantize a harmonic oscillator, which
can be an electrical circuit or mechanical oscillator. The results are extended to quantize a

transmission line.

3.4.1 Quantization of a harmonic oscillator

Let’s begin with a harmonic oscillator with mass m and frequency w,,. The Lagrangian

of a harmonic oscillator is

1 1
L= mez - Emwixz. (3.47)

The corresponding canonical conjugate momentum is

oL
p=— = mx, (3.48)
ox
from which we obtain the Hamiltonian
2
1
H=pi-L=2 + _mw2s (3.49)

2m 2



72

To quantize the harmonic oscillator, we replace the classical variable x and p by the

corresponding operators * and p, and impose the canonical commutation relation

[£,p] = iR (3.50)

Define the annihilation and creation operators

A mwy (, . P

b= + , 3.51
2h (x lma)m) 1)

~ mwpy (, . P

bt = - : 3.52
2h (x lmwm) (3:52)

with the commutation relation

[A, ZST] = 1. (3.53)

The position and momentum operators can be expressed in terms of the creation and

annihilation operators as

A~

= xzp (b+57), (3.54)

=

p = —mwyxzyi (b-5'), (3.55)

where x;, = Vi/2mw,, is the zero-point motion. The Hamiltonian (3.48) can be written as
A A 1

H = how,, (N + E)’ (3.56)

where N = b'b is the number operator with discrete eigenvalue n = 0, 1,2, .... Therefore,
a quantum harmonic oscillator has discrete energy E, = hw,(n + %). Note that even at
the ground state (n = 0), a quantum harmonic oscillator has non-zero Ey = fiw,,/2. This
minimum energy is the zero-point energy, which is the consequence of the wave-like nature
of matter.

The same procedures can be applied to quantize an LC circuit. The Lagrangian of a LC
is

1

1.
L= zCc1>2 - Zqﬂ, (3.57)
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where O is the magnetic flux in the inductor. The corresponding conjugate canonical
momentum is
oL

0=5%=ch (3.58)

which is the charge in the capacitor. The Hamiltonian is given by

H=Qd L—Q2+ L2 (3.59)
B - 2C 2L '

Compare (3.57) to (3.49), we can transfer the results of the harmonic oscillator to the

quantized LC circuit simply by changing the notations:

m — C,

Wy — wWe = 1/VLC,

(3.60)
x — D,
p— 0.
Then we have
[é), Q] — ih. (3.61)
. hZ
_ At
q>_,/7(a+a), (3.62)
0 = —in 2= (a-a") (3.63)
27 ’
. 1
A = ho, (N + 5), (3.64)

where d(a') is the annihilation (creation) operator of the resonator mode, Z = ,/é is the

characteristic impedance of a LC circuit.

3.4.2 Quantization of a transmission line

In the following, we will extend the results of the quantized LC circuit to quantize a

transmission line [4]. As shown in Fig. 3.2, a transmission line with impedance Z; and
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phase velocity v can be described by a chain of LC resonator with capacitance per unit

length ¢ and inductance per unit length /. The Lagrangian of a transmission line of length

l .
d

f

0

where ¢(z,¢) is the node flux. The equation of motion of ¢(z,¢) is given by the Eular-

1., 1 (o¢ 2
§c¢(z,t) _Z(a_z (Z,t)) dz, (3.65)

Lagrange equation % -0 ( 8£¢) )

a(o;
¢ 0%
— v — =0, 3.66
o 922 (5:60)
where v = \/% is the phase velocity of the transmission line. A general solution can be
written as
G (61) = D By (1) cos (knz + ), (3.67)
n=1
with
D, (t) = A, cos (wnpt + Bn), (3.68)

where k,, a,, A,, and B, are depended on the boundary conditions. The frequency
w, = vk,.

For an open transmission line, the boundary condition is I = %% |;=0.4 = 0, which gives
a, = 0and k, = nr/d. If we substitute the solution (3.67) into (3.65), the Lagrangian of

the transmission becomes

ol 1,
L=>" (ECnCDn - 2an>n), (3.69)

n=1

which is equivalent to the Lagrangian of infinite uncoupled LC resonators with capacitances

2ld
(nm)*

C, = ¢d/2 and inductances L, = The canonical conjugate momentum is given by

n=——=Cd,, 3.70
0 9%, (3.70)
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and the Hamiltonian is

Q2 |
— 2], 371
2C, 2L, " 3.71)

H:iQnd)n—L:i(
n=1

n=1

We can follow the procedures in the last section to quantize the individual LC resonator in
the transmission line.

We first impose the canonical commutation relation

(@ O | = i716m. (3.72)

The magnetic flux ®, and the charge Q,, can be written as

d, = hf” (an +aj). (3.73)
On = —i 22 (@0 - af), (3.74)

where Z,, = VL,/C,, = 2Zy/nn, d, and &,Tl are the annihilation and creation operators of the
mode in the n th LC resonator in the transmission line, and they satisfy the commutation

relation

|- a},] = Snam. (3.75)

Substitute (3.73) and (3.74) into (3.71), the Hamiltonian becomes
H = ihw ata, + (3.76)
n n“n 2 ”
where w,, = 1/vL,C,.

After quantized the transmission line. The node flux operator corresponding to (3.67)

is given by

. —  [hZ . .
é(z.1) = Z A/ 2” (@ne™™ " + aje' ") cos (knz), (3.77)
n=1
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and the voltage is

. G, 2y o [fw,Z, . .
V(z,t):a—(f(z,t):—iw/?‘)z\/ D (Gne™ ! — e cos (knz) . (BTS)
n=1

The voltage (3.78) can be written as the sum of the right propagating solution Vi, and left

propagating solutions Vout
~ ~ Z ~ Z
V(@) = Vin (1= 2) 4 Vo (14 5, (3.79)
v v

with

A h Z 2z s
AEEE \/ Xt [w] e @D — (@ 0D D), (3.80)
O
N hwZ
i f 22 fau 0] 7 — @ [0 €D} 381)

The right and left propagating modes are
A v o
din [w] =271, /ﬁ > s (- wp), (3.82)
k>0
dout [w] =27, / Z aid (w — wi), (3.83)

k<0

<
I
Il

and here we rewrite the summation of n into summation of k. By taking the continuum

limit d — oo, the only non-zero commutator of the operators di, [w] and dqy [w] are

[ain (@], (ain [0'])"] = 276 [w - '], (3.84)
|Gou (@], (Gou [0'])'] = 276 [w - '] . (3.85)

If the transmission line is in thermal equilibrium, then
(i [w)) tin [0']) = 276 [w - '] ™ [w], (3.86)

where n [w] = 1/ (exp IZ—“’T - ) is the Bose-Einstein distribution.
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After quantizing the field, we can calculate the quantum statistics of the voltage. The

noise spectrum of the input voltage is

hw]

éhlwl coth (—) (3.87)

Svay 0] = f di({Vin (), Vin (O )" = 2

2kgT

For kgT > hw, Eq. (3.87) reduces to the classical result Eq. (3.23). As discussed
in subsection 2.2.5, a semi-infinite transmission line is equivalent to a resistor, and the
quantum noise from a resistor is given by the noise voltage at the open terminal of the

transmission line (V = 2V4,), and therefore

_ _ h
Syv [w] =4Sy, v [w] = 2Zph|w| coth ] . (3.88)
inVin 2kBT

3.5 Quantum Langevin equations and approximations

After individually quantized a LC circuit and a transmission line. In this section, we
will combine both results to describe the quantum dynamics of a LC circuit coupled to a
transmission line. We will also discuss the connection between the quantum circuit theory

and the input-output theory in quantum optics [31, 1 1].

3.5.1 Quantum Langevin equation of a LC circuit

The quantum dynamics of a LC circuit couple to a transmission line is described by
the quantum Langevin equation, which is given by replacing the magnetic flux @ and the
input voltage Vj, in the Langevin equation (3.18) with the corresponding operators (3.63)
and (3.80), which gives

d*® 1 dd @ 1

4+ ——=—] (), 3.89
dr*>  ZyCiot dt  LCy  Ciot ® ( )

where I, (1) = Z%)Vm (t). For high Q resonator as the case of our experiment, several
approximations can be made to simplify Eq. (3.89). In our experiment, we only focus on

the dynamics in a narrow bandwidth around the cavity resonance frequency. In this case,
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we can rewrite the input voltage (3.80) to

N Zw: [ _; * _
Vin (2) = —i4/ f 2a) (e “""lf i—:dm [w+ we]e ™" - H.C.) . (3.90)
—w,

Since the cavity field only response around the cavity resonance frequency, we can extend

the integral from —w, to —co. Defining the envelope operator of the input field,

(o] d .
ain (1) = f %&in [w + w,] e—zwt, (3.91)

(o)

which satisfies the commutation relation
lan (1), a0, ()] =6 (-1, (3.92)
and the input voltage is simplified to

7 . hzwf ~ —iw ~ iw
Vin (£) = —i : (@i (1) €7 — af (1) &) . (3.93)

The flux operator (3.63) in a frame rotating at w, is given by

d (1) = 4 %Z (a (1) e o + g (1)t e"wcf), (3.94)

where a (¢) and 4 ()" represent the envelope of the field. If we substitute Eq. (3.93) and

Eq. (3.94) into the quantum Langevin equation (3.89) and separate the parts oscillating at

€'“! and e™'!, we obtain

1 d*a da 1 da «. A
EZW + E + EZE + Ea = \/;Clin (1). (395)

24 A L :
dd wc%) and considering high

By making the slow varying envelope approximation (5

quality resonator (Q > 1), we can reduce Eq. (3.95) to a first order differential equation.
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Transforming back to the lab frame, we obtain

d‘;y ), (iwc + g) 4 (t) = VKd (1) . (3.96)

For multi-ports system, the corresponding input-output relation (3.15) is

doout (1) = doin (1) — VK (1), (3.97)

where o is the index of the port. Eq. (3.96) and Eq. (3.97) can also be obtained from the
input-output theory in quantum optics, a brief discussion of the input-output theory is given

in appendix A.

3.5.2 Quantum Langevin equation of a mechanical oscillator

Similar to the analogue between the classical Langevin equation of a LC circuit and a
mechanical oscillator, the quantum Langevin equation of a mechanical oscillator is given
by making the analogues (3.37). The resulting quantum Langevin equation is

2 A A
md X (1) r dx (1)

Tt mh— +mwi % = F, (). (3.98)

The noise spectrum of the Langevin force F}, is

_ 0
Sk £ [w] = 2mTyhlw| coth( @

2kBT)' (3.99)

For high Q mechanical oscillator, the same approximation in the last section can be made.

The quantum Langevin equation (3.98) can be simplified to

db (1)
dt

+ (iwm + %’") b(t) = Viby, (1) (3.100)

where b (¢) is the annihilation operator of the mechanical mode.
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3.5.3 Quantum Langevin equations of an electromechanical system

Similar to the quantum Langevin equations of the LC circuit and the mechanical os-
cillator, the quantum Langevin equation of a cavity electromechanical system is given by
replacing the classical variables in Egs. (3.43) and (3.44) with the corresponding operators,

which gives

d*® 1 dd ) 1 ¢«
+ = — ([, + 1], (3.101)
di?  ZoCiot (8) dt  LCiot ()  Ciot [ ¢ ]
d’2 r dx 28— F F, 3.102
mﬁ+m mE+mwmx— W (1) + Fraq (1) . (3. )

Here we include the external drive current /; (¢) in Eq. (3.101). The second term in the

right hand side of Eq. (3.102) is the radiation pressure from the cavity field, which is given
A N 2

by Frag (t) = —%g—g [V (t)] . By making the same approximations in the previous sections,

Egs. (3.101) and (3.102) can be simplified to

da (1)
dt

" [iwc 3) + g] a (1) = VK [di (1) + ain ()] (3.103)

dlzlf) + (ia)m " %’") b (1) = kb (1) + 1= Fra (1), (3.104)
where «j, (¢) is the external drive field. For multi-port cavity di, (t) = > \/gdmin (t)
and aj, () = X \/ga'a"in (1), where o is the index of the ports. We ignore the position
dependent of « in Eq.(3.103) because it is very small compare to w.. If we define the
electromechanical coupling,

0w, w. 1 0C

= MW, W L 0%, 3.105
B0 T P T Y Gy O P (3.105)

and expand the w,. (X) to the first order, the quantum Langevin equations of the electrome-
chanical system can be written to

da(t)
dt

+ (ia)c + g) a (1) = VKan (1) = Veaw () +igo [b 0 + 57 (0], (3.106)
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ab @ ( . (3.107)

L\ - . 1
— lwm+7m)b(t)—\/;bin(t):igo[ATd(t)+§

In the following chapter, we will used the quantum Langevin equations (3.106) and (3.107)
to study the quantum behavior of the cavity electromechanical system. The 1/2 on the
right hand side of Eq. (3.107) is the static radiation pressure from the quantum fluctuation
of the cavity field, which have no dynamical effect on the system. We will neglect this
contribution in the following discussions.

The quantum Langevin equations (3.106) and (3.107) can also be derived from the the

input-output theory in quantum optics. The total Hamiltonian of the electromechanical

system is

ﬂ = ﬁcav + ﬂmech + ﬁlnt + Hdl‘a (3108)
with
A,y = hw.a'a, (3.109)
H,oen, = fiw,, b b, (3.110)
Ay = —igoa"a (b7 + b)), (3.111)
Ao =1 ) VKo [y (1) a + ain (1) d], (3.112)
g

where H.,y is the Hamiltonian of the optical or microwave cavity. w. is the cavity resonance
frequency and a (dT) is the annihilation (creation) operator of the cavity photon. Hpech
is the Hamiltonian of the mechanical oscillator, w,, is the resonance frequency of the
mechanical oscillator, 13(13T) is the annihilation (creation) operator of the phonon, Hine
is the electromechanical interaction with electromechanical coupling go, and Hy, is the
Hamiltonian of the external drives. Then the quantum Langevin equations (3.106) and

(3.107) are given by the Heisenberg equations

i=-[A.a]- ga + Vdin, (3.113)
A ] Yy’ 1. | P N
b= % [A7,5] - b+ T (3.114)
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Chapter 4

Cavity electromechanics with
bichromatic drives

In the previous chapter, we have introduced a quantum theory to describe an electrome-
chanical system. Here we will apply this theory to study the dynamics of an electrome-
chanical system under bichromatic drives. In this work, we study the stationary behavior of
the system through the measurement of the transmission spectrum and the noise spectrum.
In this section, we will calculate these spectra with the quantum Langevin equations. The
behavior of the system under some special drive configurations will be discussed. The
derivations in this chapter represent a combination of results from our theory collaborators

(Andreas Kronwald, Anja Metelmann and Aashish Clerk) and my own calculations.

A
o o
<o Wy =========mmmmmmme- e Wiy ========mmmmmmen
[—
AN
W UIJC W

Figure 4.1: Schematic of the pump configuration in the frequency domain. The blue
Lorentzian represents the cavity resonance, and the red and blue arrows represent the drive
tones.
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4.1 Standard formalism and general solution

In this section, we study a two port cavity electromechanical system under bichromatic
drive. In the following, we will discuss the standard formalism and approximations to
calculate the noise spectra of the system. Consider driving from the input port (L) of the

cavity, the Hamiltonian of the drive is
Hy, = Tk Z a, (&ei“’vt + dTe_"“’V’) , 4.1)
V=%

where « is the coupling of the cavity to the input port, w: = w. + A + (w,, + 9) and e are
frequencies and amplitudes of the red and blue detuned drives. A and ¢ are the detunings

of the drives, which are indicated by the schematic Fig. 4.1.

4.1.1 Rotating frame

To simplify the calculation, we transform into a frame with respect to Hy=h (we + A) ata+
% (wm + 6) bb with the unitary transformation U = ¢/0/" The Hamiltonian in the rotating

frame is given by

A =UA0" - A,
== hAG"a — 16D b + higoaa [ @t h 4 @t

" h\/az a, [aAevi(wm+6)t n &Te—vi(wm+6)t] ' 4.2)
V=%
The quantum Langevin equations in the rotating frame are

. K . N . n
i =(in-5)a+igoa[een oy elonton]

— [cy+e_i(w”'+6)t + a/_ei(wm+6)t] + \/;CAlin, (4.3)

X | I A
b= (id - 7) b+igoaae! @Ot 4 \IT,,bin, 4.4)
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where din = Y=L RrI ,/%’&mm is the total input noise of the photon bath, where d. in
describes the input fluctuations to the cavity from channel o~ with dampling rate k. o = L
and R correspond to the input and the output ports of the cavity, while o = I corresponds
to the internal loss. The noise operator Bm describes the noise from the phonon bath with

intrinsic damping rate I',,,. The non-zero commutators of the input field operators are

[doin (.40, ()] =66.006 (1= 1), (4.5)

[Ein ), b, (t’)] =5 (t—1"). (4.6)
They have the following statistics

(010 ) dorin (1)) =n300,078 (1 = 1), (4.7)

(Bl () bin () =n6 (1 = 1), (4.8)

where n is the photon occupation at port o, n! is the phonon bath occupation.

4.1.2 Standard linearization

For the electromechanical system considered in this work, the single phonon electrome-
chanical coupling is very weak (go < k). In order to enhance the electromechanical
interaction, we drive the cavity with strong classical coherent fields. To simplify the

calculation, we apply a shift to the cavity field and phonon field

4 —a + 4, (4.9)
b —pB+b, (4.10)

where @ and S are the classical solutions of the quantum Langevin equations (4.3) and (4.4)

that are first order in gy, i.e.,

@+ (g - ’A) a = —iVkg [a+e_i(“’m+6)’ + a_ei(wm+5)t] , (4.11)
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s o (Tm Nz 0 wmtey
B+ (7 - 15) B =igo|a|”e "m0, 4.12)

The steady state solutions are given by

@ =@, OO 4 g_g!OmtOr, (4.13)
—12
B=- i%el(wm”)ﬁ (4.14)
- = 1

with
N

.. 4.15
i (Atw,t0) (4.15)

é’i:_i

. . . . . -2
The intracavity photon numbers corresponding to the two drives are given by n;;“ = |@.|”.
Linearizing the Langevin equations into first order in the small fluctuations @ and b, and

subtracting the classical parts, we obtain the dynamics of the quantum fluctuations

b+ (g - iA) i — Vi =i (G_b+G,b') +

l- [G+Be—2i(g+5)t + G_BTeZi(Q+5)t:| , (416)
A L, .o\ 7 A . * At
b+ (7 - 16) b~ \Tubin =i (Gra + G,a") +
i (G720 g + G_H @0 gT) 4.17)

where G. = goa. are the enhanced electromechanical couplings. Here we neglect the
cavity frequency shift go [e‘i(“’"1+‘5)’ B + el @mtot B*], which is very small in the parameters

regime of our experiment.

4.1.3 Rotating wave appoximation

From the resulting linearized quantum Langevin equations (4.16) and (4.17), we find

that the linearized electromechanical system can be described by the effective Hamiltonian

Hiin = Hrwa + Hcr, (4.18)
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where
Hewa = —hAd"a —1sb™b -1 [(G_b+ G,b) a’ + (G*b" + G3b) 4] (4.19)
describes the resonant part of the linearized electromechanical interaction whereas

A =-Hh [G+;;e—2i(wm+5)t N G_BTeZi(wm+5)t] 4t

A [GiBTeZi(a)m+6)t 4 Gﬂiée—Zi(w”ﬁd)t] 4

describes the off-resonant electromechanical interactions. The linearized quantum Langevin

equations (4.16) and (4.17) can be obtained by

G == [Ana] = Sa + Vi, (4.20)
5 dira a1 Doyn .
b :% (Ao, b] = 226+ T 4.21)

In good cavity limit (w,, > «), the off-resonant part rotate much faster than the time scale of
the cavity field. Therefore the average effect of the non-resonance terms are very small. In
this case, we can neglect the off-resonance term Hcg in this limit, which is the rotating wave

approximation (RWA). Then the linearized quantum Langevin equations are simplified to

a+ (g - iA) a =\Kkain + i (G_B + GJJ) , (4.22)
A Fm ~ ~ % A AT
b+ (7 - ia) b=\ +i(Gra +G.a'). (4.23)

Corrections due to the off-resonance is discussed in appendix B.

4.1.4 Output spectra

In the experiment, we study the dynamics of the electromechanical system through the
transmission spectrum and the noise spectrum of the cavity. To calculate these spectra,

we transform the quantum Langevin equations into frequency domain with the Fourier
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transformation

Alw] = f dtA (1) €. (4.24)
At w] = f dtA (1) e = (A[-w1)". (4.25)
The transformed quantum Langevin equations are
x:' [+ Ala[w] =Vkan 0] +i (G-blw] + G, [w]),
x:' lw = Ala" [w] =Vka] [w] - i (G*b' [w] + G} b[w]).

X [+ 61b[w] =yTpbin [w] +i (G d [w] + G,a' [w]),
X [ = 815" [w] =\T,b] [w] —i (G_a" [w] + GLa[w]).

(4.26)

where y. [w] = - /2 —and y, [w] = r/ﬁ are the susceptibilities of the cavity field and
the mechanical motion.
A _ ~ AT ~ AT T A. _ A. "T A. AT T .
If we define the vectors D = (4,a',b,b") , Din = \din, 4;,, bin, ;) and the diagonal
matrix L = diag (\/E, Vi, VT, \/Fm) .We can write the quantum Langevin equations into
matrix form

(x [w]) ' D[w] = L-Di,[w], (4.27)

with the susceptibility matrix

xo!lw+ Al 0 —iG_ -iG,
_ 0 X' w = Al iG* iG*
(x[w])™' = ' . (428)
—iG* —iG, X [w+ 6] 0
iG* iG-_ 0 Xl lw — 6]

and the solution of the cavity fields and the phonon fields are given by
Dlw]l=x[w]-L-Dyw]. (4.29)

In the experiment, we measure the transmission signal through the output port (R) of
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the cavity, which is given by the input-output relation
drout [w] = drin [W] = VKrd [w] . (4.30)

Substituting the solution of the intracavity field a4 [w] from Eq. (4.29) into Eq. (4.30), we

obtain the solution of the output field

drout [W] =dRin [w] = VK&K (¥ [0]) 1] din [w] = VK&K (¥ [0]) 15 d?n [w]
— VKRTm (X [w]) 13 &in [0] = VKRDm (¥ [@]) 14 € [w] . (4.31)

Note that here we write the field in the rotating frame, and to transform it back to the lab

frame, one simply need to shift the origin to w, + A, i.e., w = w — w, — A.

4.14.1 Complex transmission spectrum

One of the most important spectra in the experiment is the complex transmission spec-
trum ($71), from which we can precisely extract the resonance frequencies (w., wy,), the
linewidths («, I';,) and the enhanced electromechanical couplings (G.) of the electrome-
chanical system. In the experiment, a vector network analyzer (VNA) is used to send a weak
probe tone ay, i, from the input port (L) of the device and compare it with the corresponding
transmitted signal a g oy from the output port (R). The VNA sweeps the frequency of the
probe to measure the complex transmission S as a function of frequency. The transmission
spectrum can be theoretically calculated by replacing the operators with the corresponding

coherent classical fields (i.e, dr.in [w] — @Lin [w] and the other equal to zero), which gives

Sy [w] = 2 — _ ik (x [w]) 4 - (4.32)

[ in
4.1.4.2 Output noise spectrum

Another important spectrum is the noise spectrum of the microwave field emitted from
the output port (R) of the device. From the noise spectrum, we can extract the cavity

occupation n™ and the mechanical occupation i from the noise spectrum. To measure
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the output noise spectrum, we perform a linear detection with a spectrum analyzer, which
is essentially equivalent to a diode plus filter [24]. The diode serves as a large bandwidth
square-law power detector that is sensitive to the integrated voltage noise over the full
frequency domain. To selectively measure the noise power at a certain frequency wo, a
well-behaved and normalized bandpass filter function f [w], which is peaked at +wy, is
used to pick up the power at the designated frequency. The voltage at the output of the filter
and the input of the diode is

Vilwl = flw] Vou [w], (4.33)

where V¢ [w] is the output field from the device. With the filter in place, the diode output

is proportional to

I= f dw f (W] 1> Sy Vo [@] - (4.34)

(o]
Since the filter function is real value in time domain, its Fourier transform is a symmetric

in the frequency domain. For narrow band filter, the filter function can approximated by
, 1
|f [w]]” = ) [0 (w —wo) + 6 (w + wo)]. (4.35)

Therefore, the measured noise power at the diode is proportional to the symmetric noise

spectrum

1 -—
I=3 (SVoueViour [@0] + Sy Ve [=@0]) = Sy v [wo] - (4.36)

With the solution (4.31), the noise spectrum from the output port of the cavity can be

calculated by

S,,[w]:%fdr({i(O),i(r)})d‘”f:%f‘;‘:({i[w’],i[w]}), (4.37)

and here we express the spectrum in terms of quanta, i.e.,

A~ . 2 A . A AT
I=iyf 7 Vou = i (GRout = o) - (4.38)

Since we can only access the positive frequency of the spectrum, the spectrum can be




90

simplified to

, I do’ 1
Sirlw] = Ef 2“; ({ah o [0] . GRou [w]} ) = 5 +ng + krS [w], (4.39)

with

Slw] = [|(X[w])11| +{ O [@]) 1o ] ( ;)

o [0 P +10c D] (1 + 3 ) - 2Re {extn, (a+ 3) )

4.1.5 Quadrature spectrums of the electromechanical system

In addition to the output field of the cavity, another useful physical quantities are the
quadratures of the cavity field and the mechanical motion, which are particularly useful
when considering squeezed state. The quadratures of the cavity field and the mechanical

motion are defined by
Oi=a"+a, Oy=i(a"-a),

A e A oA A (4.40)
X =b"+b X=i(b'-b).
The corresponding input operators satisfy the following relations:
(Riin 0 Xiin ()) = (2L, +1)8G=1), (R 0 Xoin (1)) = i6(t-1),
(Roin () Xoin (1)) = (20, +1) 6 =1), (Roin (1) Xiin (1)) = —i6 (=1,
<U1,in (1) ULin (t’)> = (2 T+ )6(t—t) <U1,in (1) Uzin (t’)> = i5@t-1),
(Onin ) Doin (1)) = (20D + 1) 5t =), (Oain ) Urin (1)) = —is(t—1).
(4.41)
The quantum Langevin equations of the quadratures are
ffl + gUI =VkUyin — AU - GXo,
sz + gﬁg Zﬁﬁz,in + AU] + GX],
(4.42)

X | N N N N
X + mel =\I'nX1in — 6X2 — GU,,

2 I, » A . ~ A
Xy + TmX2 :\/FmXZ,in + (5X1 + GUl,
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where G = G_ — G, and G = G_ + G,. In frequency domain, the quantum Langevin

equations are
X' w10 [w] =VkOin [0] = A [0] - GXs [w]

X2 0] 0y [w] =VkUpin [0] + AU [w] + GX) [w],
Xl [w] X1 [0] =T X1 [0] = 6X; [w] - GOz [w],

Xl [w] X2 [0] =T Xoin [w] + 6% [w] + GU| [w] .

(4.43)

. n a oA AT A N A A A \T
If we define the vectors Q = (Ul, Ua, Xl,Xz) , O = (Ul,in, Uz in> X1,ins X2,in) , then

we can write the quantum Langevin equations in matrix form

A

(xe [w])_l Qlw] =L 0y lwl. (4.44)

with the susceptibility matrix

xo!w] A 0 G
- A xllwl -G 0
(xolwl) = i (4.45)
0 G xylwl ¢
-G 0 -5 xp'lw]
The solution of the cavity quadratures and mechanical quadratures are given by
Qlwl = xglwl-L-0lwl. (4.46)

The quadrature noise spectra of the cavity and the mechanics can be calculated with the

solutions (4.46), which are given by

2 2r
=K {|(XQ [w])n)z * |(XQ [w])i2 2} (2ntch * 1)

#Tu{|(coton) |+ |(re ) [} (e +1).  @an

So, [w] =lf do ({0 (], Qi lw1})




92
4.2 Single tone electromechanics

Having introduced a generic quantum theory to describe an electromechanical system
under bichromatic drives. In the following sections, we will consider some special drive
configurations and discuss the effects of the radiation backaction. In this section, we will
consider an electromechanical system driven by a single red-detuned tone and a single

blue-detuned tone.

4.2.1 Single red-detuned tone

We first consider the behavior of an electromechanical system driven by a single red-
detuned tone at w- = w, — wy. In this case, the Hamiltonian is given by setting G, = 0

and A = 6 = 0in Eq. (4.19), which yields
A =-nG_ (ba' + b'a). (4.48)

The quantum Langevin equations in the frequency space are

X! [w]a[w] =Vkéi [w] +iG_b[w], (4.49)
Xl [w] b [w] =ATpbin [w] +iG_a [w] . (4.50)

Mechanical noise spectrum: sideband cooling

To examine the effects of the dynamical backaction to the mechanical motion, we
calculate the spectral density of the mechanical motion. Substituting Eq. (4.49) into Eq.

(4.50), we can express the phonon annihilation operator in terms of the input fields

blw] = VT iim [w] bin [0] + iG_VKk x¢ [0] Xm [W] @i [w], (4.51)

where

!
tn ] = 452
Tl = o+ G [0 #>2)
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is the effective mechanical susceptibility. The dynamical backaction generated by the
driven cavity modifies the dynamics of the mechanical resonator. In weak coupling regime

(k > G_), the effective mechanical susceptibility can be simplified to

1
T+ Topt) /2= i

Xmlw] = ( (4.53)

The dynamical backaction generated by the red-detuned tone damp the mechanical motion
with the optical damping rate I'op; = 4G? /«.

Using the solution (4.51), we can calculate the mechanical spectrum

(K2 + 4w2) [t +4G2 knth

Cdw jae 4 n

Sbb[w]:f 5 (b [w'] blw]) = 4 . :
e 2T (4G? + Tuk)” +4 (T3 + 2 - 8G? ) w? + 160*

(4.54)

The first term is the contribution of the Langevin force from the phonon bath, the second

term is the random radiation backaction from the cavity photon. The mechanical occupation

is given by the integral of the mechanical spectrum

_ “ dw Fm (Ftot + K) th Kropt th
- =S = Iyt y = " 4.55
im Lo 2o ) = T T T e+ T (435)

where I = I, + T'ope is the total mechanical linewidth.

In weak coupling regime (k > G_), the mechanical spectrum can be simplified to

Lot i, (4.56)

Sppl0] = ——2—7,,
e

and the mechanical occupation can be expressed by the detailed balance equation

I'm th 1—‘Opt th

- n ) (4.57)
Iﬁm + 1ﬁopt " I_‘m + Iﬂopt ¢

Nm

The driven cavity serves as a cold reservoir to the mechanical oscillator, the dynamical
backaction damps the mechanical motion and cools the mechanical oscillator [64, ].
When the optical damping rate dominates (I'opc > I',), the mechanical occupation asymp-

tote to the cavity occupation ", which is usually much smaller than the occupation of the
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phonon bath n'. The effect of the counter rotating term to the mechanical occupation can

2 2
th K K

In our experiment, the cavity heats up as we increase the pump power, which produces

be found in [27, 76], which gives

I’ Lopt
iy, m th 2o

= m
Lot Lot

2
nonzero ntch. In our experiment, the sideband factor (ﬁ) ~2x 1074 is very small

compared to n. Therefore, the corrections from the counter rotating terms are negligible.
Transmission spectrum: electromechanical induced transparency

The transmission spectrum of an electromechanical system under a red-detuned drive

is given by setting G, = 0 and A = 6 = 0in Eq. (4.32), which gives

\/KLKR

k/2—iw +

$1 [w] = =

= (4.59)
T,./2—iw
In weak coupling regime (G < «), the effective mechanical linewidth I is much smaller
than the cavity linewidth «. If we focus on the region around the cavity resonance, the

transmission spectrum can be simplified to

vV I,/2-i 2V, Lont/2
Sy o) = YR T2 i Ve (T2 ) 0y 6
k  Tit/2 —iw K Fiot/2 — iw

The destructive interference between the mechanical sideband and the probe field generates
a Lorentzian dip at w = 0 in the cavity transmission spectrum. This effect is known as the

optomechanical induced transparency (OMIT) [81, ].



95

Output noise spectrum: noise squashing

The output noise spectrum is given by setting G, = 0 and A = 6 = 0 in Eq. (4.39),
which yields

4G2T,, (nh — nth) + (12 + 40?) k (nh — nh)

Sirlw] = ng + 5 +dxg — . @e)
(4G% + ka) +4 (F,z,, + k2 - SG%) w? + 16w*
In weak coupling regime, it can be simplified to
— — KR ,
Sir[w] = So [w] + TFOPtSbb [w]. (4.62)

The output noise spectrum consists of the noise spectrum of the up-converted mechanical

sideband S;?b [w] sits on top of the noise background Sy [w], which is given by

’ Iﬂtot —
S w] = ————— (A — negr) s 4.63
bb (Ftot/Z)z w2 ( eff) ( )
_ 1 KRK
S w:nth+—+—nth—nth, 4.64
olw] =nfg + 5 (K/2)2+w2( ) (4.64)

where neg = 2n — n}?. Note that when there is nonzero cavity occupation, the area of the
up-converted mechanical sideband is not simply proportional to 7i,,, but 71, — neg. This
reduction of noise quanta in the mechanical sideband is known as the noise squashing effect
[76, 83, ], which is due to the destructive interference between the cavity noise and the

transduction of the radiation pressure noise.

Inferred mechanical spectrum

The inferred mechanical spectrum is given by normalizing the output spectrum by the
gain “ET oy, which is

Sxx,tot [w] _ Si1 [w] _ k8o [w] Lot

X2, Rlopt  KRLopt  (Tiot/2)* + w?

(M — Nefr) - (4.65)
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For ideal cavity where nz,h = n}? = neg = 0, the inferred mechanical spectrum becomes
S r
22201 ) S I S (4.66)
Xzp 2KRF0Pt (Tot/2) + w?
K I ) Lot th
= +|—|————n,. 4.67)
2KRropt (rtot (Ftot/Z)z +w?2 "

The Lorentzian part of the spectrum (second term in Eq. (4.66)) has the expected form for
phonon emission of a mechanical oscillator with average phonon number 7,,,. Note that
there is no backaction in Eq. (4.67). At the first glance, it seems violating the quantum
limit on the detector noise. However, in this case, the dynamical backaction dampens the
mechanical motion and increases the mechanical linewidth. The total mechanical linewidth
It = Iy + Lopy is larger than the intrinsic mechanical linewidth I',. As discussed at the end
of section 2.2.2, this detector would have no power gain, and therefore there is no restriction

to the added noise of the detector.

4.2.2 Single blue-detuned tone

For an electromechanical system driven by a single blue-detuned drive, the Hamiltonian

is given by setting G- = 0 and A = 6 = 0in Eq. (4.19), which yields
A =-hG, (ba+b'a'). (4.68)

The quantum Langevin equations in the frequency space are

xe' [wla[w] =Vkap [w] +iG.b' [w], (4.69)
X (015 [w] =\T,b] [w] - iGhalw]. (4.70)

Mechanical noise spectrum: amplification

Substituting Eq. (4.69) into Eq. (4.70), we obtain

b' [w] = VT iom (W] B, [w] = iG VK xe [0] Fm (] in [@], (4.71)
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where

1
X m = 4.72
o R T - Gre [l 72

is the effective mechanical susceptibility. In weak coupling regime (k > G.), it can be

simplified to
1

T = Topt) /2 = iw

Xmlw] = ( (4.73)

The dynamical backaction generated by the blue-detuned tone amplifies the mechanical
motion and narrow the mechanical linewidth with the optical anti-damping rate I'opy =
4G2/k. When I'opt approaches the intrinsic damping rate I',, the mechanical oscillator
starts to self-oscillate and becomes unstable. Therefore we only consider weak coupling
regime in this subsection.

Using the solution (4.71), the mechanical spectrum is given by

0 d(,l)/ N nonT _ Ftot -
Spipt [w] = Im = <b [w'] b [a)]> = m (i + 1), 4.74)

where I'oy = Iy, — oy The effective mechanical occupation is

_ I_‘m th I_‘()Pt th
iy = Ny, + n. +1). (4.75)
l_‘m - I_‘opt 1_‘m - 1_‘opt ( )

In blue-detuned case, the anti-damping induced by the dynamical backaction narrow the
mechanical linewidth, therefore amplifying the mechanical motion and increasing the me-

chanical occupation.

Transmission spectrum: electromechanical induced amplification

The transmission spectrum of an electromechanical system driven by a blue-detuned

tone is given by setting G- = 0 and A = 6 = 0 in Eq. (4.32), which gives

VKLKR

k2 —iw—

So1 [w] = -

- (4.76)
l"m/2+—iw
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The transmission spectrum around the cavity resonance can be simplified to

vV I,/2-i 2V, Lopt/2
S ] = 2 VB Dn/2Zi0 __pVReie () T2 ) )
k  Tit/2 —iw K Liot/2 — iw

In this case, the mechanical sideband and the probe field interfere constructively and generate
a Lorentzian peak at w = 0 in the cavity transmission spectrum. This effect is known as the

optomechanical induced amplification (OMIA) [81].

Output noise spectrum: noise anti-squashing

The output noise specteum is given by setting G- = 0 and A = 6 = 0 in Eq. (4.39). In

weak coupling regime, it can be expressed as

_ — K ,
Sir[w] = 8o [w] + = TopeS [] (4.78)
with

FtOt —
————— (i + 1 + neg) . 4.79

Spipr 0] =
The output noise spectrum consists of the noise spectrum of the up-converted mechanical
sideband S ]’ﬁ bt [w] sits on top of the noise background Sy [w]. When there is nonzero cavity
occupation, the area of the mechanical sideband is not simply proportional to 7i,, + 1, but
i, + 1 + neg. The extra noise quanta in the mechanical sideband is due to the constructive

interference between the cavity noise and the transduction of the radiation pressure noise,

which is known as the noise anti-squashing effect [83, ].

Inferred mechanical spectrum

The inferred mechanical spectrum is given by normalizing the output spectrum by the
gain “ET o, which is

Sxx,tot [w] _ SII [w] _ KSO [w] 4 Lot

X2 Rlopt  kRUopt  (Tiot/2)* + w

> (1, + 1 + negr) (4.80)
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For ideal cavity where nz,h = n}? = neg = 0, the inferred mechanical spectrum becomes
S I,
vl €, Do G4y, 4.81)
Xzp 2KRropt (To0t/2) + w?
K I ) Lot th
= +|—|——(n, +nga +1}, (4.82)
2KRropt (Ftot (Ftot/2)2 + w? ( " )

where nga = I'opt/T' is the backaction in terms of quanta. The Lorentzian part of the
spectrum (second term in Eq. (4.81)) has the expected form for phonon absorption of a

mechanical oscillator with average phonon number 7,,.

4.2.3 Motional sideband asymmetry

As shown in Egs. (4.66) and (4.81), the inferred mechanical spectra is asymmetric with
respect to the detuning. In red-detuned case (w. —w, = wy), the area of the Lorentzian part
of the spectrum is equal to the mechanical occupation, i.e., I = 7i,,. While in blue-detuned
case (we — wp = —wp) Iy = iy, + 1. This asymmetry reflects the ability of an quantum
harmonic oscillator to emit and absorb energy; for a harmonic oscillator at ground state
(i, = 0), it has no ability to emit energy (/- = 0), but it can absorb energy (I, = 1).

In this section, we will give an alternative explanation to the sideband asymmetry by
using the linear response analysis discussed in section 2.2.2 [106]. To start the discussion,
let’s identify the coupling A and the input operator of the detector F' in the interaction
Hamiltonian (2.37). For an electromechanical system driven by a single tone at w,, in a

frame rotating at w,, the linearized interaction Hamiltonian is

N hG
A = ——3% (a+a"), (4.83)
where G = goa is the enhanced electromechanical coupling with @ = _K/%IEA,,QP’ Ay =

w¢ — w) is the detuning of the drive. Here we choose @, such that @ is real without loss of

generality. Then, one can easily identify A = % and F = @ + a'. The uncoupled cavity
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satisfies the quantum Langevin equation
i+ (g + iA,,) d = —\Kdin. (4.84)

Here we consider a two port cavity, the output of the detector is the transmitted voltage at

the output port, which is
I'=—i(agou = dfy) - (4.85)

The linear-response susceptibility of the detector is given by Eq. (2.39), which gives

1
xirlw] = AL (xelwl + xilwl), (4.86)
where
1
Xelw] = : (4.87)
K/2—1i (a) - Ap)

is the susceptibility of the cavity fields. The damping induced by the detector is given by
Eq. (2.54), which gives

P[] = 55 (1xe [l = L [-w1P) (4.88)

The noise correlators of the detector backaction F' and imprecision / are given by Egs.

(2.42), (2.43), and (2.44). For a two port electromechanical system driven by a single tone,

they are

_ 1
Ser ] =k (Ixe (@I + Ly [-w]1?) (nzh + 5), (4.89)
_ 1

Silw] = (nﬁ? + 5) + ki (Lxe []7 + | xe [-0]1?) (n = nf), (4.90)
_ 1

Sir [w] =ivkr (x; [w] = xc [-w]) (nE? + 5)

1
— ikvkr (1xe (w117 = | xe [-0]) (nzh + 5) : (4.91)

The inferred mechancial spectrum is given by Eq. (2.67) with the effective mechanical
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spectrum

Srreft (@] = Lxax [0 (Srm [w] + A%Spr [w]) = 2Re { ¥ [w] S lw], | (4.92)

where y .y [w] is the mechanical susceptibility which is given by Eq. (2.59), and SZF [w] =
Sir[w]/ x1F [w]. For A, = +wy, the inferred mechancial spectrum (2.67) reduced to Egs.
(4.66) and (4.81). Here we focus on the origin of the sideband asymmetry; note that the

only contribution that is asymmetric at A, is the cross correlator S.r [w], which is given by

SiF [w]
XirF [w]

Sk [Ap] =

1
= +if (2ngh —n'f+ 5), (4.93)

where the plus sign (minus sign) corresponds to the drive detuning A, = +w,, (Ap = —wp).
The cross correlator is purely imaginary and changes sign for A, = +w,,, which gives rise
to the noise squashing and anti-squashing effects. It is clear that the asymmetry between
the spectra at A, = +w,, is entirely due to the detector backaction-imprecision correlation
described by S, 7, which is simply the squashing and anti-squashing of the cavity quantum
fluctuation.

In addition, as discussed in section 2.2.2, when the cross correlator S.r is purely
imaginary, the rhs of the noise constraint (2.46) can be reduced below #%/4. Tt achieves the

minimum value of 0 in the special case when ntch =0and S, = +ifi/2, i.e.,
_ _ _ 2
Si 1] Spr [w] = [Sir[w]] (4.94)

The detector backaction and the imprecision are perfectly correlated. In this case, the
detector does not need to generate any added noise. However, as discussed in [24, 19], the
detector does not provide any power gain. Therefore, it doesn’t violate any quantum limit

on position detection.
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4.3 Two-tone electromechanics

After discussed the effects of a single drive tone in an electromechanical system. In
this section, we will study the behavior of an electromechanical system under two drive
tones. We consider three special pump configurations: the balanced detuned two-tone
configuration to examine the measurement backaction, the balanced two-tone configuration
to perform the backaction evading measurement of a single mechanical quadrature, and the

two-tone reservoir engineering scheme to squeeze the mechanical motion.

4.3.1 Balanced detuned two-tone: Measurement backaction

As discussed in section 2.2.2, in order to have large power gain, the intrinsic mechan-
ical linewidth has to be much larger than the damping induced by the detector. For an
electromechanical system in the sideband resolved regime, it can be realized by driving the
electromechancial system at ws = w, + (w,, + 6) with equal amplitude. In this section,
we consider k > ¢ > I[,,. At this drive configuration, the Hamiltonian is given by setting

A =0and G- = G; = G in Egs. (4.19), which yields
A = -16b'b - 1G (b" + b) (d" + d). (4.95)
The quantum Langevin equations in frequency space are given by

x:' lwlaw] =Vkai [w] +iG (bw] + b [w]), (4.96)
X [0 + 81 b [w] =\Tpbiy [w] +iG (a[w] + &' [w]), (4.97)

and their conjugate equations.

Mechanical noise spectrum

We first examine the noise spectrum of the mechanical motion. Substituting Eq. (4.96)

and its conjugate equation into Eq. (4.97), the solution of the mechanical annihilation
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operator can be written as

blw] = ymlw + 61 (VTwbin [w] +iGVK xc (0] din [] + iGVK X (W] [w]) . (4.98)

Since we are driving the system with both the red and the blue detuned tones with equal
power, the dynamical backaction induced by the two drive tones cancel each other. The only
effect of the radiation backaction is the random radiation pressure that drives the mechanics
into random motion and increases the mechanical occupation. The noise spectrum of the

mechanical motion is

OOd /
Sclol= [ G5 (0] 21l = 2 (S 0] + Sy [0])

2 L _ 2 L'
=X fim + Xop > >
T'm/2)" + (w - 6)

i 4.99
P T2) + (@ +0)? Gnt ) (499

with the effective mechanical occupation
i = n' 4+ nBA, (4.100)

r
where nBA = 2

e T (anh + a) is the measurement backaction interms of quanta. Here we
m

separately designate the vacuum fluctuation of the cavity photon and the phonon by « and
[, which are both equal to one. Note that even the cavity is in ground state (ntch = O), and
the measurement backaction is not equal to zero. The radiation pressure generated by the
quantum fluctuation of the cavity field produces minimum measurement backaction to the

mechanics, which is the quantum radiation backaction.

Transmission spectrum

The transmission spectrum of an electromechanical system is given by setting G- =
G, = Gand A = 0in Eq. (4.32). For k > I'oy and « > 6 > I, the transmission

spectrum near the cavity resonance is

VKRKL 1 Iﬂopt/z 1—‘opt/z

S =-2 - + . .
K Fot/2—i(w+06) Tt/2—i(w—9)

(4.101)
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The second term comes from the destructive interference between the probe field and the up-
converted motional sideband of the red-detuned drive, which reduce the cavity transmission
at w = —0. The third term comes from the constructive interference of the probe field
and down-converted motional sideband of the blue-detuned drive, which amplify the cavity

transmission at w = 9.

Output noise spectrum
The noise spectrum of the output field is given by setting A = 0 and G- = G, = G in
Eq. (4.39). In weak coupling regime, it can be simplified to

Sirlw] = Sp[w] + ’%Rropt (S [w + 61+ S}, [w = 61). (4.102)

The output noise spectrum consists of the noise background Sy [w], the noise spectrum of the
up-converted mechanical sideband S, [w], and the noise spectrum of the down-converted

mechanical sideband § ]; pi L], which are given by

G a KRK th th
Solwl=nt+ =+ —2— (p — ), (4.103)
0 R )2+ w? ( ¥)

’ I_‘m — ﬁ 07
ol = ( et 5) - (me+ 5] (4.104)

’ _ I_‘m - ﬁ ) (01
Sb'i'b'l' [CL)] —m (l’lm + 5) + (l’leﬂ + E) , (4105)

where gy = g, Neff = ZnICh - n?;, a and S are the quantum fluctuations of the photon and
phonon. Similar to the single tone case, when there is non zero cavity occupation (neg # 0),
the interference between the cavity noise and the transduction of the radiation pressure noise
would generate noise squashing and anti-squashing effects in the up and down-converted

mechanical sidebands.
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Inferred mechanical spectrum

The inferred mechanical spectrum is given by normalizing the output spectrum by the

gain “ET o, which is

s Silw] kS [w] , ,
Sevonl) = ggp 1= S0 pm (S [+ 91+ Sy [ = 61) (4.106)
For ideal cavity where nﬁh = n}? = ne = 0, the inferred mechanical spectrum becomes
_ r _
Sxx,tot [w] = £ + 5 - ) (ngll + I’lﬁA + ﬁ a)
2krTopt (T /2)" + (w + 6) 2
r +
+ " . (n3;+n5A+ A “). 4.107)
(Tn/2)” + (w = 6) 2

Taking @ = B = 1, the noise spectrum of the mechanical sidebands in (4.107) reduce to
(4.99). However, the physical origin of the asymmetry between the mechanical sidebands
are completely different. In (4.99), the asymmetry of the mechanical noise spectrum
comes from the quantum fluctuation of the mechanical motion. However, in the inferred
mechanical spectrum (4.107), the asymmetry orginate from the quantum fluctuation of the
cavity photon. As discussed in the previous section for the single drive case, the sideband
asymmetry is entirely due to the detector backaction-imprecision correlation, which is

simply the noise squashing and anti-squashing effects of the cavity quantum fluctuation.

4.3.2 Balanced two-tone: Backaction evading measurement (BAE)

As discussed in section 2.2 and shown in the previous subsections, Heisenberg uncer-
tainty principle place a fundamental limit to continuous position measurement, one way
to surpass this limit is to perform quantum nondemolition (QND) measurement of special
observable as introduced in section 2.3. In this subsection, we will describe how to imple-
ment QND measurement of a single mechanical quadrature with a cavity electromechanical
system [23, 44, 45]. To this end, we drive the system with two drive tones with frequency

equal to w, + A + w,, and phase equal to ¥¢. Then, the Hamiltonian of the system is given
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by setting G. = Ge¥¢ and 6 = 0in Eq. (4.19), which yields

H = -hAd'a - hGR, (@' +a), (4.108)

where X¢ = cos X — sin ¢ X, is the mechanical quadrature at phase ¢. In the following,
we set ¢ = 0 without loss of generality. Eq. (4.108) provides the QND interaction for the
measurement of the mechanical quadrature X;. The quantum Langevin equations of the
quadratures in the frequency space is given by setting G- = G, = G and 6 = 0 in Egs.
(4.43), which yields

X2 [w] U [w] =VkU o [w] = ADs [w],
Xl lwl X2 [0] =T X2 [0] + 2GU; [w].
X2 [w] U [w] =VkUain [w] + AUy [w] + 2GX| [w],

Xl lw] X1 [w] =Ty X1 [w].

(4.109)

Note that the mechanical quadrature X is decoupled from the others. The cavity field is
only sensitive to the X quadrature and all the measurement backaction is applied to the

unmeasured X, quadrature. Therefore, the mechanical quadrature X, is a QND observable.

Mechanical quadrature noise spectrum

By solving the coupled quantum Langevin equations (4.109), we can calculate the noise

spectra of the mechanical quadratures, which are given by

Sy, [w] :%fﬁ‘i({xl [w'], X, [w]}):%(znggﬂ), (4.110)
Sy, [w] :%f‘i‘i({xz [w'],&[a}]}):%[2(n}};+nba)+1], 4.111)

the mechanical quadrature X 1is unaffected by the measurement, all the measurement back-

action (both classical and quantum) is applied to the unmeasured quadrature X, with the
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backaction quanta

r > Toplm
nba:ﬁ[(n§h+l)+(ﬁ) L(n22+1)], (4.112)

Lo 2 K] (Tn/2)*+ w? 2
— 1 4G?
where Fopt = WT

Transmission spectrum

The transmission spectrum of an electromechanical system is given by setting G_ =
G; = Gand 6 = 0in Eq. (4.32), which yields
\VKRKL

= e (4.113)

The interferences between the probe field and motional sidebands of the two drives cancel

each other, which doesn’t modify the cavity transmission spectrum.

Output noise spectrum

The output noise spectrum is given by setting G- = G, = G and 6 = 0 in Eq. (4.39),
which yields
_ _ K _
Sirlw] = So [w] + TRFOPtSXl [w]. (4.114)

The output noise spectrum consists of the transduced mechanical quadrature noise spectrum

and the noise background
KRK

i 1
Solw] = nh + 3 APt AT (nh - ng). (4.115)

Inferred mechanical quadrature spectrum

The inferred mechanical quadrature spectrum is given by normalizing the output noise

spectrum by the gain £, which is

S ] = Sulwl _ k50 (]

+8 i 4.116
Koy kalon x, [w] ( )
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Since there is no backaction apply to the X quadrature, one can achieve imprecision below
the quantum limit of the position measurement by increasing the gain I', of the detector.
Analysis including the bad cavity effect for A = 0 is given in [23], and it contributes an
additional backaction

2
nba K
=—|— 4.117
Nbad 3 ((Um) ( )

in both mechanical quadratures.

4.3.3 'Two-tone reservoir engineering: Mechanical squeezing

In the previous section, we have explored the dynamical effects of the radiation pressure
in an electromechanical system driven by a single tone: by controlling the detuning of the
drive tone, one can manipulate the dynamical radiation pressure to damp or amplify the
mechanical motion. We have also shown that by driving the electromechanical system with
equal amplitude at w. + w,,, one can cancel the backaction from the two tones and perform
a BAE measurement of a single mechanical quadrature. Here we will explore the effects
of the dynamical backaction of a cavity electromechanical system under two drive tones by
perturbing the BAE measurement setup. We consider driving the cavity with two tones at
ws+ = W, + wy, with different amplitude [54]. The Hamiltonian of the system is given by

setting A = 6 = 0 in Eq. (4.19), which yields
A=-n[(G-b+G.b")a" +(G"b" + G1b) a]. (4.118)
If we define the Bolgoliubov mode of the mechanical oscillator
B = cosh (r) b + sinh (r) b, (4.119)

where r = tanh™! (G, /G_) is the squeezed parameter. The Hamiltonian can be expressed
as

H=-ng(a'B+ap), (4.120)
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where the coupling G = 4/G? — G2. Here we consider G_ > G, to ensure stability. The
Hamiltonian is in beam-splitter form as in the sideband cooling case. However, instead of
cooling the mechanical mode b, it cools the Bogoliubov-mode . Because the vacuum of
B is the squeezed state S (r) 0) (where S (r) = exp [r (1313 + lAﬁLBT)] ). This cooling directly

leads to stationary squeezed state with squeezed quadrature variance
XD = (L+ BBy +(BPY +(BTST). 4.121)

The cavity acts as an engineered reservoir that cools the mechanical oscillator into a squeezed
state.
Bolgoliubov mode spectrum

We first examine the Bolgoliubov mode of the mechanical motion. The quantum

Langevin equations of the cavity field and the Bolgoliubov mode in the frequency space are

x:! wlé [w] =Vké (0] +iGb[w], (4.122)
Xl [w) B lw] =T B [w] +iGa [w). (4.123)

Substituting Eq. (4.122) into Eq. (4.123), we can express the Bolgoliubov mode in terms
of the input field, which yields

Blw] = VT itm (@] Bin [w] + iGVK x e (0] Fm [0) din [w] . (4.124)

The Bolgoliubov mode spectrum is given by

_ AW | ar o oA (K2 + 4a)2) I“mn'%,l +4G*kn
Spatol= [ S (B (') Blal) =4 L ,
o 27 (4G2 + Tuk)” +4 (I3 + €2 = 8G%) w? + 16w*
(4.125)
2 2
where n%‘ = (%) nih + (%) (n}f; + 1) is the Bolgoliubov mode occupation of the phonon

bath. The Bolgoliubov mode occupation is given by the integral of the spectrum, which



110

gives

_ 0 d(,l) F (Ftot + K) th Kropt th
= —9 _ +—=—n, 4.126
" f_w 2 bl = T T e+ T (4-126)

where I = Iy + Tope and Ty = 4G?%/ k.
In weak coupling regime (k > &), the Bolgoliubov mode spectrum can be simplified

to
Lot

———1iig. (4.127)
(rtot/z)2 +w?

Spplw] =

Similar to sideband cooling with a single red-detuned drive, the Bolgoliubov mode occu-

pation can be expressed by the detailed balance equation

I'm th rOPt nth

fig=——nh + ———— (4.128)

In this case, the driven cavity serves as a cold reservoir to the Bolgoliubov mode. The
dynamical backaction induced by the two tones dissipatively drives the mechanics into a

stationary squeezed state.

Mechanical quadrature spectrum

We can also examine the mechanical squeezing by calculating the mechanical quadrature
spectra. The quantum Langevin equations in the frequency space are given by setting

A =6 = 0in Eqgs. 4.43, which yields

xe' [w] U1 [w] =VkUijn [w] - GX; (0], (4.129)

w [0l X [w «/_ Xoin [w] + GU, [w], (4.130)
XZ-I[ =VkOajn [w] + GX) [w], 4.131)
X [0] %) [w x/_ T X1in [w] - GO, [w]. (4.132)

There are two decoupled set of equations. Compare to the quantum Langevin equations in
the BAE measurement (Eqs. (4.109)), the X quadrature is not intact due to the imbalanced
drive (G = G_ — G, > 0). The cavity quadratures Ul,z measure and perturb the mechanical

quadratures )A(QJ , which can be viewed as a coherent feedback process. We will show that
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Figure 4.2: The squeezed quadrature occupation (4.135) with different drive ratio
G./G-. Different curves represent different total pump photon number (nltl,Ot =n, + n;).

n'" = 10% (blue), 10 (red), 10* (yellow), 10° (purple), 10° (green). The shade blue region

indicates quantum squeezing (i.e. (X1)/ ()A(l)zp < 1). For both plots, I', = 27 X 10Hz,
k = 2m x 330kHz, and gy = 2m X 130Hz. (a) Ideal cavity and mechanical oc-
cupations (n" = 0,n" = 40). (b) Includes cavity heating and mechanical heating
(nh = 0.8, n'h = 100).

the dynamical backaction from this coherent feedback leads to the stationary mechanical
squeezing.
Solving the quantum Langevin equations, we obtain the solutions of the mechanical

quadratures
X152 [w] = VT fm [0] X120 [0] = VK (G- F Gy) xe 0] om [0] Unyin 0], (4.133)

The mechanical quadrature spectra are given by

Sx., [w] =% f a;_c;:’ <{)?1,2 [w'], X1 [w]}>

(K +40?) T, (200 + 1) +4(G- 7 G )? k(20 + 1)

=4
(4G2 +Tpk)” +4 (T3 + &2 - 8G?) w? + 160"

(4.134)
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Integrating the quadrature spectra, we obtain the mechanical quadrature variances

4(G- ¥ G,)?
(k +T)) (4G% + «kTy,)

<A2 >_ 4G% + k (k + )

5 T (200 +1) +

th
C (k+T,) (462 + k) " (20 41).

(4.135)
In weak coupling regime (« > G, I,), the mechanical quadrature spectra and the mechan-

ical quadrature variances can be simplified to

S Lot 5
Sx,, [w] = ———2——(X?%), (4.136)
2 (rtot/2)2 +w?
0 Lo h gpt th
X2y =" (2nM + 1) + =2 (2n" + 1), (4.137)
12 Tiot ( ) tot ( )
where 7 =4 (G- ¥ G,)* /x.

To illustrate the squeezing mechanism, let’s define I'opy+ = 46%_, /&, then the mechanical

quadrature variances can be expressed as

. T opt—T
(X)) = @y + 1) 7220 (2 4 1) (4.138)
’ tot
The first term in Eq. (4.138) represents the damping of both mechanical quadratures due to

the excess power of the red-detuned drive, the average mechanical occupation is given by

r Tope . T
i = =l + 2 22 (1), (4.139)

- m
1—‘tot l—‘tot l—‘tot

The second term in Eq. (4.138) comes from the interference of the coherent feedback forces
generated by two drives (the second term in the right hand side of Egs. (4.130) and (4.132)),
which produce negative correlation in the X; quadrature and positive correlation in the X,
quadrature. Different from the standard parametric squeezing scheme [79] which damps
the fluctuation in one of the quadrature and amplifiers the other one. The two-tone reservoir
engineering scheme damp both of the quadratures, and squeeze the mechanical motion by
producing negative correlation in the squeezed quadrature.

To quantify the amount of squeezing, we parametrize the enhanced electromechnical

coupling rate G, = %(1 F f), where f € [0, 1). The quadrature occupations can be
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written as

fC

<Xl>:1+fc (2nf£+1)+wf(2ntch+l),
(X% :ﬁ (2nh +1) + 1 +CfC (2n +1),

where C = 4G?/«T,, is the cooperativity. Consider fC > 1, then

(X% L (2n + 1) + £ (20 + 1),

e
. 1 1
(X2 g (2n +1) + 7 (2n+1).

(4.140)

(4.141)

(4.142)

(4.143)

As shown in (4.142), one can make the contribution 21" + 1 negligible by choosing a small

enough f. For any f, one can always increase the cooperativity C to damp the contribution

2n" + 1. Therefore, in principle, this scheme can generate arbitrary large mechanical

squeezing. However, in reality, technical problems such as baths heating and mechanical

parametric instability [44] induced by thermal effects [93] or nonlinearities [

] limit the

accessibility of the parameters f and C. Nevertheless, as shown in Fig. 4.2, this scheme

can squeeze the mechanical quadrature below the zero-point level with reasonable device

parameters.

Driven response

The driven response is given by setting 6 = A = 0 in Eq. (4.32)

VKRKL
$1 [w] = - )

. 2
K[2—iw + —Fm/g2—ia)

(4.144)

which is in the same form as Eq. 4.59. Similar to sideband cooling, in weak coupling

regime, the interference between the mechanical sidebands and the probe field generates a

Lorentzian dip with linewidth equal to the mechanical damping rate at w = 0.
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Output spectrum

The output spectrum is given by setting 6 = A = 0 in Eq. (4.39), which gives

K (1",%1 + 4w2) (nzh - n}?) +4T,G? (n%‘ - n%’)

- 1
S]][a)]:l’l;?+—+4k

R . (4.145)
2 (4G + Tuk)” + 4 (T3 + k2 - 8G) w? + 16w
In weak coupling regime, it can be simplified to
— — KR ,
SII [(,()] = SO [(,U] + _FoptSBﬁ [0)], (4146)
K
with
’ I_‘tot —
Spplw] = (7ip = ner) (4.147)

I2 /4 + w?
which is in the same form as the cooling spectrum (4.62). However, the mechanical
sideband now represents the Bolgoliubov mode. Similar to the cooling case, the nonzero
cavity fluctuation generates noise squashing effect which reduces the area of the mechanical

sidebands spectrum by 7.
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Chapter 5

Device fabrication and Measurement

This chapter discusses the devices and the measurement setup of the experiment. Start-
ing with the discussion of the design and the fabrication processes of the cavity electrome-
chanical system. A brief review of the devices developed by the Schwab group will be
presented, the problems and difficulties of different devices will be discussed. The detailed
fabrication procedures of the devices will be given. Then, the measurement techniques and

cryogenic setup in the experiments will be discussed.

5.1 Device design

The Schwab group has been developed superconducting electromechanical system for
years. The first generation of superconducting electromechanical device was developed
when the Schwab group was back to Maryland and Cornell [45]. In this device, the
mechanical element is a doubly-clamped silicon-nitride (SiN) beam. The beam is covered
by aluminum thin film to serve as a electrode, capacitively couple to a superconducting
half-wave resonator. Fig. 5.1 is a SEM micrograph of the device. With this type of
devices, they have shown the seminal works of sideband cooling [76] and back-action
evasion measurements [44] close to the quantum regime.

Two technical issues that prevent these devices reaching the quantum regime. The first

issue is that the electromechanical coupling for this type of device is relatively weak. The
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Figure 5.1: Superconducting electromechanical device developed by the Schwab group at
Maryland. The mechanical element is the metalized SiN nanobeam (red).

electromechanical coupling rate of this type of system is given by

awc _ (UC 1 an 1 wc

A T TR A G-

where C, is the portion of the capacitance that is modulated by the motion of the beam,
n = C,/C is the participation factor. In the last step, we make the assumption that
dC,/dx ~ C,/d. For the nanobeam device, the participation factor is very small (7 ~ 1e—4),
which ends up with a small electromechanical coupling rate gg ~ 27w X 1 Hz. In order to
achieve large cooperativity factor C = %n »» one needs to drive the device with very strong
drive tones, which heat up the thermal bath of the mechanical oscillator and the microwave
cavity and limit the minimum mechanical occupation in the sideband cooling [76].
Another issue of the nanobeam devices is the power dependent frequency shift of the
mechanical oscillator induced by the 2nd order coupling. If we consider the dependence of
the cavity resonance frequency in x into second order, the 2nd order term generates a power

dependent spring shift Aw,, = “)kaETM, where £ is the bare mechanical spring constant and

the induced electromagnetic spring constant is

fiw, 0%*C
la (1) |

> R (5.2)

kem =

In the BAE measurement where the cavity power is beating at twice the mechanical reso-

nance frequency, this power dependent frequency shift would generate mechanical paramet-
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ric amplification. When the mechanical frequency modulation Aw,, equal to the mechanical

linewidth vy,,, the mechanical oscillator start to self-oscillate and become unstable. Consider

Bow _ Quken (T (Qu) (1
S ()& ) 53

the ratio

Since 7 is very small for nanobeam device, which limit the miximum (F"Pt)max ~ 10 kHz.

Both of the problems are due to the small participation ratio 7. To increase the partici-
pation ratio, one need to increase the modulated capacitance C,, which can be realized by
replacing the electrode from 1D nanobeam structure by 2D planar structure [17]. The work
in the Schwab group at Caltech focused on the development of lumped element microwave
resonator with vacuum gap planar capacitor and lumped element spiral inductor, the top
gate of the capacitor is a suspended metal membrane, which is the mechanical element of
the electromechanical system. Compare to the nanobeam design, the membrane design
has much higher stiffness and modulated capacitance. For example, for a 5 GHz lumped
element resonator with 40 x 40 um? paralleled plate capacitor with 100 nm vacuum gap.
The modulated capacitance C, ~ 30 fF, which accounts for 80% of the total capacitance,
i.e. 7 =~ 0.8. This design mitigates both of the difficulties in the nanobeam devices for

cooling and BAE measurement. In the following, we will discussed the development and

fabrication of this type of devices.

5.2 Device fabrication

This section discuss focuses on the fabrication process of the planar electromechanical
device developed in the Schwab group. The difficulties through the development of the
devices are discussed. The detailed fabrication procedure of the devices in this work are
given.

The planar electromechanical devices consist of a spiral inductor shunted by a vacuum
gap paralleled plate capacitor. Fig. 5.3 and Fig. 5.4 are some of the devices developed
by the Schwab group. In order to fabricate the suspended structure such as the top gate of

the capacitor and the bridges, a three layer process is used. Fig. 5.2 outlines the general
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(a)

Surface cleaning Metal deposition Bottom layer Metal etching
patterning

Sacrificial layer

(e) (f) (9) (h)

Remove resist sacrificial layer Sacrificial layer Metal deposition
deposition patterning

Top layer
(i)

Top layer Metal etching Removal of the CPD & descum
patterning sacrificial layer

Figure 5.2: Outline of device fabrication processes. Blue, gray, brown, and green colors
represent the substrate, metal, resist, and the sacrificial layer respectively.
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fabrication procedures. We start with cleaning the the substrate with a modified RCA clean
and BOE oxide stripe (Fig. 5.2a). Then, a metal layer is deposited on the substrate (Fig.
5.2b). The bottom layer is patterned with standard optical lithography (Fig. 5.2c¢) and the
metal is removed by either wet etching or dry etching (Fig. 5.2d). After cleaning off the
photoresist (Fig. 5.2e), a layer of sacrificial material is deposited on top of the bottom layer
(Fig. 5.2f). Then, the sacrificial layer is being patterned (Fig. 5.2g) and a layer metal
is deposited on top of it (Fig. 5.2h). The top layer is patterned (Fig. 5.2i) and etched
(Fig. 5.2j). The sacrificial layer is then removed with solvent or plasma depending on the
material of the sacrificial layer (Fig. 5.2k). Finally, the device is dry with the critical point

dryer if the sacrificial layer is removed by solvent, then cleaned with O, plasma.

5.2.1 Previous works in the Schwab group

Our group has developed several electromechanical devices with different materials.
The development of the device is a long journey, and the results are the efforts of several
postdocs and graduate students. A brief review of the device development is given here.
Detailed discussion can be found in [105].

The first generation of device in the Schwab group at Caltech is made of sputtered
NbTiN on high resist silicon substrate (Fig. 5.3a) which is aiming for high microwave Q and
reduce the nonlinearities associated with two-level system defects [3]. The sacrificial layer is
sputtered SiO,, which is removed in a buffered-oxide etch (BOE) release soak. However, this
device showed low microwave Q and significant Ohmic heating at the pump powers required
for sufficient electromechanical coupling. Moreover, the mechanical mode has a small
enough specific heat and fast enough thermal time constant for the phonon bath to follow
the modulation of cavity power, which generates thermal-induced mechanical parametric
instability at the required power in the BAE measurement and limits the measurement
imprecision to 2.5x,, [93].

In order to reduce the Ohmic heating and the mechanical bath heating, the next device
utilize thermal-evaporated aluminum and SiN membrane as the mechanical element due to

the group’s past experience (Fig. 5.3b). The sacrificial layer of this device is made out of
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cross section A-A'

Figure 5.3: Superconducting devices developed by the Schwab group at Caltech. (a) NbTiN
device. (b) Al device on SiN.

e-baem evaporated germanium, which can be removed by dry XeF, etch [25]. Although no
Ohmic heating and the mechanical bath heating in this device, it showed significant TLS
nonlinearities. The TLS nonlinearities induce mechanical parametric instability and limit
the precision of the BAE measurement to 1.4.x,,. This TLS defects may be due to the choice
of sacrificial layer (germanium alloys with aluminum) and the sacrificial etch (XeF, slowly

attacks nitride).

5.2.2 Polymer sacrificial layer with sputtered aluminum

With the experiences from the previous works that the choice of the sacrificial and the
etching process of it seems to be critical to the quality of the device, we next focus on
developing a sacrificial layer that interacts weakly with the metal and the substrate, and
requires gentle etching to be removed. Polymer such as e-beam resist or photoresist satisfies
both of the requirement. For the next device, we use PMGI as a sacrificial layer which can
be removed with Remover-PG. E-beam evaporated aluminum is used for better deposition

control. The device showed improved TLS behavior. However, the stress in the top gate
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50 um

Figure 5.4: (a) Optical micrographs of the device. (b) SEM micrograph of the suspended
aluminum membrane.

was difficult to controlled, which make it difficult to make a small gap.

To control the stress of the metal thin film of the top gate, replacing the e-beam deposition
with sputter deposition will require minimal recipe modification. However, the sputtered
aluminum film has three issues: first, the sputtered aluminum film is not completely
removed with transene etchant. It was left with sparkled aluminum oxide residue which was
confirmed by energy-dispersive X-ray spectroscopy (EDS). Second, sputtered aluminum
film form hillock after annealed above 130°, which would perturb the behavior of the gap.
Third, the sputtered aluminum has very poor adhesion with the PMGI even after roughening
up the PMGI surface with reactive-ion etch, which is not compatible to the aluminum wet
etching process.

The first issue can be solved by a second aluminum etch with low dosage of TMAH,
which is common to photoresist developers (e.g., CD-26, MF-319), which can completely
remove the residue. The second and the third issues require another polymer sacrificial layer
which can be processed with lower bake temperature (< 130 °C) and has good adhesion with
sputtered aluminum. We then tried Microposit S1800 series photoresist for the sacrificial
layer which require only 115°C. We started with S1813, which can be spined down to
1.5 um. In order to obtain reasonable electromechanical coupling rate, we need to thin
down the sacrificial layer, which can be realized by a weak flood-exposure with a calibrated
exposure time ~ 0.1” before developing the photoresist. Followed by a short (~ 20”) RIE

with O, plasmma to roughen the sacrificial layer, the resulting polymer sacrificial layer has
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good adhesion with the sputtered aluminum. With this technique, we can control the gap to
~ 100 nm with careful calibrate the duration of the double exposure. Fig. 5.4 are the optical
and SEM micrograph of the device with sputtered aluminum and S1813 sacrificial layer.
We also tried a thinner photoresist S1805, which can be spin coated to ~ 500 nm, aiming
for precise control of the thickness. However, the S1805 was hardened by the processes
and couldn’t be removed to release the top gate. A detailed fabrication recipe is given in

appendix C.
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Figure 5.5: (a) Photograph of a device mounted on a sample package. (b) Mixing plate of
the dilution refrigerator. The sample packages are mounted on the mixing plate and shielded
with mu-metal shields. The two Radiall microwave switches (R573423600) enable us to
measure up to six devices in the same cool down.

5.3 Measurement setup

5.3.1 Device packaging

The devices are processed on 6mm X 3mm silicon chips. Which are mounted in a old-
plated copper sample package using beryllium copper clips (Fig. 5.3.1a), a small amount
of PMMA photoresist is applied to the bottom of the chip for additional thermalization.
The ground plane of the chip is wirebounded to the sample package with aluminum wire.
The chip waveguides are wirebounded to the ground coplanar waveguide transmission
lines on the arlon PCB which is impedance matched to the silicon silicon wafer. The
arlon circuit boards are indium soldered to the sample package and the center pins of
the PCB transmission lines are soft soldered to the center pin of the SMA connectors.

Southwest Microwave SMA connector (214-5 series) is used convert the signal from the
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coaxial transmission lines to the grounded coplanar waveguides. We have also tested the
Non-magnetic version of the SMA connector from Southwest Microwave, but no apparent
improvement of the microwave Q was observed.

The sample package is mounted on a cold finger in the mixing plate of the dilution fridge
and surrounded by a mu-metal shield (Fig. 5.3.1b). A cryoperm radiation shield is mounted
on the mixing plate to provide additional magnetic shielding. We have explored different
magnetic shielding configuration [109], but no obvious improvement in performance is

observed.

5.3.2 Fridge circuit

All measurements in this work are performed on the Oxford Kelvinox 400 dilution
refrigerator. The fridge is mounted to a floating optical table supported on sand-filled
stainless steel pillars for vibration isolation, and is located within a shielding room to
minimize electrical noise. Low-temperature thermometry is provided by calibrated RuO
thermometers supplied by Oxford which is reliable down to 20 mK. an AVS-47B resistance
bridge is used to read out the temperature. A Picowatt TS-530A temperature controller is
used to control the temperature of the fridge through a heater at the mixing chamber stage.

In order to probe the device with microwave, we need to connect the device on the mixing
plate of the fridge to room temperature with microwave cables. Therefore, the microwave
cables in the fridge need to have very low thermal conductivity to thermally isolate the fridge
to room temperature. In addition to conduction, the Johnson noise from dissipative elements
at room temperature can heat up the fridge through the microwave cables, which is required
to either be blocked or attenuated. Fig. 5.6 shows the two fridge wiring configurations in
the measurement of device 1 (Fig. 5.6a) and device 2 (Fig. 5.6b). In both configurations,
the input line is mainly composed of CuNi coaxial cables (blue lines in Fig. 5.6), which
provide similar thermal conductivity and better microwave transmission as compared to
stainless-steel coaxial cable. The output line is mainly composed of superconducting Nb
coaxial cables (red line in Fig. 5.6) to reduce cable losses.

In the measurement of device 1, cryogenic attenuators with 10, 5, 8, 16 dB attenuation
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Figure 5.6: Comparison of the fridge circuits for device 1 and 2. The blue lines and
the red lines represent the CuNi cables and the Nb cables. (a) Fridge circuit for device
1. The attenuators with 39 dB attenuation are placed at different temperature stages to
provide sufficient noise reduction to attenuate the Johnson noise from room temperature.
Two cryogenic circulators are placed at the 100 mK stage to block the 4 K noise from the
HEMT amplifier. (b) Fridge circuit for device 1. The attenuation is provided by a single
20 dB attenuator at the 4 K stage and a directional coupler at the mixing plate. One of the
circulators is thermally anchored to the mixing plate of the fridge.
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Figure 5.7: Microwave switches and devices.

are installed in the input line and thermally anchored at the 4 K, 1 K, 100 mK, and 10 mK
stages of the fridge (Fig 5.6a). Two mu-metal shielded cryogenic circulators are placed at
the 100mK stage, which provide about 40 dB isolation to the 4 K noise from the cryogenic
amplifier. After the circulators, a high electron mobility transistor (HEMT) amplifier (CIT-
4254-077) from Weinreb group at Caltech is used to amplify the signal, which provides
38 dB gain and has an input noise temperature of 3.5 K at 5 GHz. The effective noise
temperature of the output line is 5.42 + 0.03 K due to ~ 2 dB of losses between the device
and the amplifier [ 09]. From the measurement of the cavity noise spectrum, an additional
noise (Tg = 50 mK or n}? =~ ().2) from the output port is observed, which may be due to the
power dissipated by the circulators at 100 mK stage.

In order to reduce power dissipated on the mixing plate and eliminate the additional
noise power from the output line, we modified the fridge wiring in the measurement of
device 2. As shown in Fig. 5.6b, a single cryogenic attenuator is placed at the 4K stage
and a 20dB directional coupler is placed on the mixing plate. The transmitted port of the
directional coupler is connected to a 50Q at the 4K stage and the coupled port is connected
to the device. Therefore the majority of the power going into the coupler is dissipated at
the 4 K stage, which has much higher cooling power. In addition, one of the circulators is
moved from 100 mK stage to the mixing plate to thermally anchor it to the base temperature
of the fridge. After these modifications, the additional noise is eliminated.

Since it takes days to cool the fridge down to base temperature. To facilitate the
measurement, two Radiall microwave switches (R573423600) are mounted on the mixing

plate, which enable us to measure up to six devices in the same cool down. To reset and
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Figure 5.8: Schematic of the measurement circuit. Microwave sources are combined to
provide the desired drive signal. Filter cavities are used to filter the excess phase noise
of the pumps. The optional noise injection circuit can add classical noise to the device
for calibration. The input signal at room temperature is attenuated by 40 dB at different
temperature stages in the dilution fridge to remove the room temperature johnson noise.
The transmitted signal goes through the circulators and is amplified by a HEMT amplifier,
then further amplified by a low noise amplifier at room temperature. The resulting output
signal is fed into a spectrum analyzer or a vector network analyzer.

switch to a new connection of the switch, a pulses current is sent to the fridge to drive
the actuator. This process would heat the mixing stage up to ~ 100 mK. The fridge then
takes about 30 minutes to cool back to the base temperature. Although the switch has six
connections, due to the limitation of the available dc lines in the fridge, we only used five
of the connections. Cables with the same type and same length as those connecting the
device and the switches are installed in the first connection for calibrations. Therefore, we

can measure four devices in a single cool down.

5.3.3 Room temperature circuit

Fig. 5.8 shows the simplified schematic diagram of the measurement circuit. Microwave
sources are filtered by filter cavities [45, ] to remove the excess phase noise at room

temperature and sent to the fridge from the input port. An optional noise injection circuit
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Figure 5.9: Schematic of the drive circuit. (a) The phase locking circuit. (b) The subhar-
monic circuit.

amplifies the room temperature Johnson noise from a 50 Q load to generate pseudo-white
noise at the resonance of the microwave cavity, which allow us to control the classical noise of
the cavity for calibration. The signal from the output port of the fridge is further amplified
by 25 dB with a room temperature low noise amplifier (MiTeq LCA 0408) with noise
temperature of 120 K. In the experiment, we measure the noise spectrum with a spectrum
analyzer (Agilent N9020A) or the driven response with a vector network analyzer (Agilent
N5230A or Agilent 8753ES). All sources and measurement devices are synchronized to the
10 MHz rubidium frequency standard (SRS FS725).

Drive circuit

In the double BAE measurement and the BAE measurement of squeezed state, the cavity

is driven by two pairs of microwave drive fields. A pair of pump fields

a'pump — [a+e—i(wml‘+¢0) + a_ei(wml+¢0)] e—iwct (54)



129
are used to prepare the mechanical state. Where the phase ¢ determine a particular direction
of the mechanical state (e.g. the direction of the mechanical quadrature X;). Another pair

of weaker probe fields
dprobe = [a’e_i(w'"H%’b) + aei(“'mt+¢prb)] o (wetA) (5.5)

are used to probe the mechanical state with the BAE measurement. The relative phase
¢ = ¢pib — Po determines the direction of the measured mechanical quadrature X¢ relative
to X, with

)?¢ = cos </>)A(1 — sin (/))?2. (5.6)

The relative phase between the pumps and the probes can be measured by comparing
the relative phase of their power beat with a lock-in (Fig. 5.9a). To do that, part of the
pumps and the probes are split and fed into power diodes. The output signals from the

power diodes are proportional to the power of the pumps and the probes fields, which are

|&pumpl? = A% + A2 + 24, A_cos (2wt + 2¢y), (5.7)

|@probe|” = 24% + 247 cos (2wt + 2pm ) (5.8)

The relative phase of the power is equal to 2¢, which span from O to 4. Because the lock-in
is sensitive to a single branch of phase spanning 27, in order to cover the full-period in ¢,
the signal from the power diodes are fed into a sub-harmonic circuit (Fig. 5.9b) before
compared with the lock-in. The sub-harmonic circuit generate a harmonic signal at w,,
that is phase locked to the diode signal; it uses an arbitrary function generator to produce
a reference harmonic signal at w,,, double it with a frequency doubler, and phase lock it
to the diode signal. Then, the relative phase of the resulting signals are compared with a
lock-in.

For open loop control, the phase stability is set by the phase drifts of the microwave
sources. In our setting, all of the microwave generators are synchronized with a 10 MHz
rubidium standard, which provides rms phase drifts on the scale of one degree per 10

minutes. However, our measurements need to average the data for hours. In order to keep
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the phase drifts small, we separate the spectrum of long average into multiples spectra with
a 5 minute average, and adjust the phases for every measurement to keep the phase drift
below a degree. In the measurement of device 2, we switch the SMA100A to HP83732B in
order to reach the desired frequency range, which worsen the phase stability to one degree
per minute. To remedy this issue, we implement a continuous feedback control with a

computer to correct the phase per second.
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Chapter 6

Backaction evading (BAE) measurement

In this chapter, we will implement a backaction evading (BAE) measurements of the
mechanical quadrature with a superconducting electromechanical device. In the first part
of the experiment, we will discuss and compare the measurement imprecision and the
measurement backaction of a position measurement in balanced detuned two-tone (DTT)
configuration and a mechanical quadrature measurement in the two-tone BAE configuration.
Using the BAE technique, we realized detection of a single mechanical quadrature with
measurement imprecision below the standard quantum limit and reduction of the quantum
backaction at the same time. In the second part of the experiment, in addition to the strong
BAE pumps, we add another pair of weak BAE probes to detect the measurement backaction
induced by the quantum fluctuation of the electromagnetic fields in the microwave resonator.
The fridge circuit of the experiments is shown in Fig. 3.6a. The experiments in this chapter

are performed in device 1 with the following device parameters:

Parameter Value Descriptions
Wy |27 4.0 MHz Mechanical resonance frequency
I, /27 10 Hz Mechanical linewidth
we/2n 5.45 GHz Cavity resonance frequency
K/2m 860 kHz Cavity linewidth
go/2m 15.5Hz Electromechanical coupling
Xzp ~ 1.8 fm zero-point motion

Table 6.1: Parameters of device 1.
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Figure 6.1: Device calibrations. (a) Thermal calibration of the motional sidebands power.
The inset is the motional sideband spectrum at base temperature. (b) Linewidth brodening
with backaction damping. In addition to a red detuned drive, a weak probe sweeping near
the cavity resonance is applied, and its absorption shows the resonant mechanical response.
Blue circle, mechanical damping rate; blue line, backaction damping theory fit. The inset
is the example of the absorption spectra at n,, ~ 5 X 10, 3 x 10* and 1 x 10> from top to
bottom.

6.1 Calibrations

Thermal calibration

In the experiments, we measure the output noise spectrum of the mechanical sideband
to quantify the measurement imprecision and the measurement backaction. Therefore, we
need to calibrate the noise power of the measured mechanical sideband to the mechanical
occupation. To do that, we drive the system with a single red detuned tone at w_ = w, — wy,.
We keep the pump power sufficiently low such that the optical damping rate is much smaller
than the intrinsic mechanical linewidth (I, < I',,/100) and the cavity heating effect is
negligible (n" ~ 0). Then we measure the noise power of the up-converted mechanical

sideband P,, and the transmitted power of the red detuned drive P_ at the calibrated
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temperature, which are given by

K
Py :Q[wc]hwcfropm}f;, (6.1)
P_ =Glw lhw,kgn,, (6.2)

4g2 . . .
where Iy = %n; and n,, is the intracavity photon number generated by the red detuned

tone. G|w] is the gain of the measurement chain which is flat in the measurement bandwidth
of the experiments. The gain factor can be eliminated by normalizing the sideband power

by transmitted pump power,

2
Py 280\ 4w 1 kT
_mo_ (222 = 6.3
P ( P Ty, 63)
where b_ = (2go/k) 2 is the calibration factor and kj, is the Boltzmann constant. For

this device, the cavity linewidth x ~ 869 kHz is observed to be constant over the relevent
pump power. Because the normalized sideband power is linear in the temperature of the
mechanical bath, we can extract the calibration factor b_ by measuring the normalized
sideband power at different bath temperatures (Fig. 6.1a). From the linear fit, we obtain
b_ = (9.92 +0.16) x 10® and therefore go = 2m X 13.8 Hz, by which we can convert the

normalized sideband power into mechanical occupation

Ny = b_ - (%) =(9.92 +0.16) x 10® - (%) . (6.4)

Linewidth broadening

In addition to the mechanical occupation, another quantity we want to measure is
the intracavity photon number 7,, which can be obtained by the backaction damping
measurement. Similar to the thermal calibration, we drive the system with a single red

detuned tone at w_ = w, — w,, to damp the mechanical motion. The optical damping rate
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is linear to the intracavity photon number and therefore the transmitted pump power

2
Lopt = 4%11; =a_ (%) P_, (6.5)
where a_ = gé /G [wc] hwpkg is the calibration factor. As discussed in section 4.2.1, the
interference between the probe field and the red-detuned drive would generate a Lorentzian
dip with mechanical linewidth I'yyy = I, + I in the transmission spectrum. By fitting
the interference signal in the transmission spectrum (inset in Fig. 6.1b), we can extract the
mechanical linewidth I',;. Fig. 6.1b shows the total mechanical linewidth with different
intracavity photon number. From the fit, we obtain I',, = 10 Hz and the calibration of the

intracavity photon number

n, = (%) P_=(225£0.7)x 10" (W) P_. (6.6)
0

6.2 Backaction evading measurement: Beating the SQL

In this section, we will discuss the experimental results of the backaction evading (BAE)
measurement. Using the BAE technique, we realize a mechanical quadrature measurement
with measurement imprecision below the standard quantum limit and evading the measure-

ment backaction at the same time.

6.2.1 Definitions of imprecision and backaction

In the experiment, the noise spectrum of the mechanical sideband is measured to quantify
the measurement sensitivity. Before discussing the experimental results, here we provide
the definitions of the measurement imprecision and the measurement backaction in terms

of the measured noise spectra.

6.2.1.1 Quadrature measurement in BAE configuration

We will first discuss the precision of the mechanical quadrature measurement with the

BAE technique, in order to compare the precision of the quadrature measurement and the
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position measurement. In this section, we define the mechanical quadratures with
Xy =xp (b+5"), Xp=—ixg (b-5"). (6.7)
The position of the mechanical oscillator can be expressed as
£ = X1 cos (Wpt) + X3 sin (wit). (6.8)

As discussed in section 4.3.2, in order to perform a BAE measurement of a single
mechanical quadrature, the cavity is driven by two drive tones with equal power at w. + wy,
to generate the required modulation of the electromechanical coupling. The up-converted
sideband of the red detuned tone and the down-converted sideband of the blue detuned tone
are overlapped at the center of the cavity resonance. The measured noise spectrum of the

mechanical sideband at the output of the measurement chain is

s = - K Sy, [w]
S(])BSE [w] = G [we] hwe (Sadd + 8o + TRFoth;CT), (69)
zp

where Sy is the noise floor of the electromechanical system (Eq. (4.115)), which is flat
in the bandwidth of the mechanical sideband spectrum. S,qq is the added noise of the
measurement chain, which is dominated by the add noise of the HEMT amplifier in our
experiment. S‘Xl [w] is the noise spectrum of the mechanical quadrature (Eq. (4.110)).
Using the thermal calibration, the measured mechanical quadrature spectrum is given
by normalizing the output noise spectrum with the transmitted power of the red detuned

tone, which gives

GBAE CBAE 5
Sy, 1ot L] _ b- SBAE [,] = Xiimp Sx, [w], (6.10)
- 2 P out 2 2

Xap - Xzp Yap

TBAE
Xpimp _ Fb_
2 T KRNy

where is the noise floor of the mechanical quadrature measurement and

X3p
F = S,qq + S is the total noise floor of the output spectrum.

The measured mechanical quadrature variance for the BAE measurement is the sum of
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the measurement imprecision and the mechanical quadrature occupation

tot

A 7> 2 A
KDree® _ KDimp XD

_ , 6.11
which are given by
KD Sximp L (i) (f) (rm ) 6.12)
X% X 4 kr) \4) \opt )" |
X}y Sx, [01T,,
1S W0y (6.13)
X7p Xy 4

For ideal BAE measurement, the backaction is entirely routed to the unmeasured me-

chanical quadrature X, with

(X)) _ 3x, (01T, 2t

2 2 m
X7p X7p 4

+ nba) + 1, (6.14)
where §X2 [w] is the noise spectrum of the mechanical quadrature X, (Eq. (4.111)) and

T, . .
Npa = rp‘ (ntch + %) is the measurement backaction induced by the BAE measurement. No

backaction is applied to the measured mechanical quadrature X;. As shown in Eq. (6.12),
the measurement imprecision is proportional to the inverse of the intracavity pump photon
number. Ideally, one can make the measurement imprecision arbitrarily small by increasing
the pump power. In practice, cavity and mechanical nonlinearities would pose limits to the
applied power, which limits the measurement imprecision above the standard quantum limit

in the previous experiments [44, 93, 94].

6.2.1.2 Position measurement in DTT configuration

To quantify the reduction of the backaction in the BAE measurement, we compare
the result from the BAE measurement with the result from a position measurement in
the detuned two tones (DTT) configuration. As discussed in section 4.3.1, in the DTT
configuration, the cavity is driven by two pumps with equal power at w, + (w,, + 6). We

choose k > & > I, such that both of the mechanical sidebands are well separated with
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each other and sited well inside the cavity resonance. At the output of the measurement

chain, the noise spectrum of the two mechanical sidebands are

X SPTT (]
St " [w] = G [w] hwc{ add + So + —RFoptx—z : (6.15)
Zp
where
SDTT [(1)] ,
=Sy [+ 8]+ S, [w 6] (6.16)
X7p

is the noise spectra of the up and down-converted mechanical sidebands, which are given

by

I

S [w] = ———2—— (AP™T — neg), 6.17

bb T2 + 2 ( eff) (6.17)

Y [w]—r—m(DTT+1+n ). (6.18)
bibt - N eff .

(Tp/2)? + w?

~DTT DTT

. . r .
= nih 4+ npT is the mechanical occupation, Pt = 2 (2112l + 1) is the
m

where 7, ba

backaction heating in terms of quanta and neg = 2n" — n%‘ is the noise squashing/anti-
squashing quanta.
Using the thermal calibration, the measured mechanical spectrum is given by normal-

izing the output spectrum with the transmitted power of the red detuned drive

DTT SDTT
Sx tot [w] _ b_ =DTT _ Sx,imp SETT [w]
—3 = |7 )Sou lWl=—"—+——=—, (6.19)
X7p _ X7p X7p
S'DTT Fb
where ;‘C L = o is the noise floor of the measurement. Note that SDTT [w] contains the
zp 14

noise squashing/anti-squashing factor neg, which can be eliminated by symmetrizing the

spectrum
Soot [0l 1 (8Pt [w] S}?g[ ~w] SEITIEP SDTT [4]
— 5 = 5 3 p e (6.20)
)CZp xzp pr .pr _pr
where
_ 1 ~ B
S)IC)TT [(1)] E (SDTT [(,()] + SDTT [ (1)]) = S;) [w] + S)]c),ng;T [(,U] (621)

is the symmetrized noise spectrum of the mechanical motion. The first term is the con-
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tribution of the phonon bath, and the second term is the contribution of the measurement

backaction, both of which are given by

_ I 1

S0 [w] = x? ’" (nth + —), (6.22
: P@n/2)? + (w|-6)* " 2 :
_ T,
Sone [w] = x7 nplt, (6.23)

zp 2 2""ba
(I'm/2)” + (lw] = 6)
The measured position variance for the DTT measurement is the sum of the measurement

imprecision and the fluctuation of the mechanical motion

GHRIT (8P =01 SPR IS\, _ Ky (@2)PTT
> = 2 + > T = ) + 2 (624)
X7p X7p X7p X7p X7p
The measurement imprecision for the DTT measurement is
@ ZSQiTmTpr_m _ (i) (5) ( rm) 6.25)
X%p X%p 4 kr)\2 l—‘opt - .

Similar to BAE measurement, the measurement imprecision is proportional to the inverse
of the pump power. However, for position measurement, the measurement backaction gen-

erates additional fluctuation to the mechanical motion. The total variance of the mechanical

motion is the sum of the thermal fluctuation (£2)( and the measurement backaction <)22>ng T
G (SPTTS] SPTTI=61\ Ty _ 0 | (e 6.6
sz 'pr pr pr pr
where
22 S9[-61 SU[61\T
<x2>0 _ ( x [2 I, x2[ ] Tm —onl 41, (6.27)
Xzp Xap Xzp
@R (S8 S Loy

ba [ + = = 2pPTT = 222 (9t 4 1) 6.28

As shown in Eq. (6.28), the measurement backaction is proportional to the pump power.
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Figure 6.2: Schematic diagram of the pumps configuration. The blue Lorentzian represents
the cavity resonance. The green arrow represents the cooling drive. The two purple
arrows represent the balanced tones for the position measurement in the DTT configuration
(0 > I';,) or BAE measurement of the mechanical quadrature (6 = 0). The inset shows
examples of the mechanical spectra in DTT and BAE configurations.

Therefore, one cannot make the total added noise of the position measurement

(R 157y = R [0, + (&2 /x5, (6.29)

arbitrarily small by ramping up the pump power.

6.2.2 Experimental results

Having analyzed the measurement precision in BAE and DTT configurations, we will
now discuss the experimental results. In this experiment, we implement BAE measurement
of a single mechanical quadrature with the superconducting electromechanical device. We
will quantify and compare the measurement imprecision and the measurement backaction
of a single mechanical quadrature measurement with the BAE scheme and the position
measurement with the DTT scheme.

Fig. 6.2 shows the pump configuration of the experiment. We drive the cavity with two
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balanced tones at ws = w, * (w,, + ¢) to perform a single mechanical quadrature measure-
ment in BAE configuration (6 = 0 Hz) or a position measurement in DTT configuration
(0 = 2n x5 Hz). In order to suppress the mechanical frequency jitter, a third red detuned
tone is driving the cavity at wcool = We — (Wi + d¢) With 6. = 2w X 35 kHz to broaden
the mechanical linewidth. We quantify the measurement imprecision and the measurement

backaction with the following protocol:

1. Set the initial mechanical state:
We first turn on the cooling tone (red arrow in Fig. 6.2) with nf,""l ~ 10° to broaden
the mechanical linewidth to 'y, inic = 27 X 100 Hz. We measure the noise power of
the up-converted mechanical sideband P! and the transmitted pump power P of

the cooling tone to quantify the initial mechanical occupation, which is given by

0 Pcool
m
m,init — _Pcool = 13’ (630)

which corresponds to (%% Yinit/ Xop = (X %)imt [Xzp = anl‘ mie T 1 = 27. The green curve
in Fig. 6.3a is the spectrum of the mechanical sideband and the green dots in Fig.

6.3b are the initial mechanical fluctuation in each measurement.

2. Position measurement in DTT configuration:
Then, we turn on the balanced tones with 6 = 27 X 5 kHz and intracavity pump
photon number 7, to perform the position measurement in the DTT configuration.

We measure the noise spectra of the corresponding mechanical sidebands SP1T [w]

and the transmitted pump power of the red detuned drive P_. The balancing condition
of the two tones is ensured by matching the mechanical linewidth I', to Iy, inic within

27 x 5 kHz.

We use the thermal calibration b_ to convert the normalized output noise spectrum

to the mechanical noise spectrum S2UF [w] with Eq. (6.19), an example of the

measured mechanical spectrum is shown in the inset of Fig. 6.2 (blue curves). The

DTT

. . . )
measurement imprecision (X )imp

/x%p and the mechanical fluctuation (£2)PTT/ xgp

in the DTT measurement are given by Eqgs. (6.25) and (6.26). The blue curve in
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SfDTT

.ot [w] around the mechanical

Fig. 6.3ais the symmetrized mechanical spectrum
resonance. The blue dots in Fig. 6.3b are the mechanical fluctuation in the DTT

configuration with different n,.

. Mechanical quadrature measurement in BAE configuration:

To perform BAE measurement of the mechanical quadrature, we overlap the two
mechanical sidebands at the center of the cavity resonance (6 = 0 Hz). Similar
to the DTT measurement,we measure the output noise spectrum of the overlapped
mechanical sideband SE@E [w] and the transmitted power of the red detuned tone P-_,
then convert the output spectrum to the mechanical quadrature spectrum SPA° [w]
with Eq. (6.10). Examples of the measured mechanical quadrature spectrum are
shown in the inset of Fig. 6.2 (red curve) and Fig. 6.3a (red curve). The measurement
imprecision (X f)imp / xgp and the mechanical quadrature fluctuation (X 12) / xgp are given
by Egs. (6.12) and (6.13). The red dots in Fig. 6.3b are the mechanical quadrature

fluctuation measured in the BAE configuration with different 7,,.

. Extract the measurement backaction of the DTT and BAE measurement.
To extract the backaction from the measurements, we compare the measured mechan-
ical fluctuation of the DTT ((£2)PTT /xgp) and BAE measurements ((X?)/ xgp) to the

initial mechanical fluctuation ((£2)ini/ Xzp and (X 2) 1,init/ Xzp ), Which gives

(#oa = EPTT = (Phinie = B2 + @iy s (6.31)

(X¥pa = (XT) — (X Dinit = (X7yiss, (6.32)

diss

where ()?2>ba

and (X lz)gfs are the backaction from source other than the the detected
field, which cannot be avoided in the BAE measurement. In our experiment, this
extra backaction is due to the increase in mechanical fluctuations due to thermal
dissipation in the device. The balanced tones heat up the mechanics, and therefore

the mechanical fluctuation in the DTT measurement (nS; ppr) @nd BAE measurement

th

(”:2 pap) are higher than the initial mechanical fluctuation n,,; .., which gives the
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addition measurement backactions

A2\ diss h h 2

(E2)oms =2 (nh ey = 1 i) X2 (6.33)
G2\ di h h 2

(XD =2 (nfh g ap = i it) X5 (6.34)

Fig. 6.3b shows the increase of the mechanical fluctuation due to the measurement

backaction at different n,,.

Fig. 6.3c shows the total measurement backaction, (%%)pa and <)212)ba, and the mea-
surement imprecision, ()22>imp and (X f)imp, in the DTT and BAE configurations at various
intracavity pump photon number. In the position measurement with DTT configuration, as
the measurement imprecision decreases (blue circles), the measurement backaction increase
(blue dots). At n, = 2.3 X 10, the mechanical occupation increases from 13.0 + 0.5 to
68.5 + 0.1, consistent with a small finite microwave occupation factor (n, =~ 0.6 £ 0.1) in
addition to the quantum fluctuations. In contrast, we do not observe a large increase in
the mechanical fluctuations in BAE as the imprecision decreases (red dots). The expected
backaction into the measured mechanical quadrature due to the finite sideband resolution
is 0.12x§p atn, = 4.7 X 10°. The measured backaction of (X f)ba ~ 10x§p is likely due to
thermal dissipation in our device. Nonetheless, we demonstrate avoidance of the backaction
noise by 10.7 £ 0.3 dB at n, = 2.3 X 10° compared with the position measurement. Most
important, we show that the backaction (X 12>ba is 8.5+0.4 dB below the level set by quantum
fluctuations of the microwave field, which is 2 (Fopt/l"m) xgp atn, = 4.7 X 10°.

In addition, the quadrature imprecision is below xgp at this point: (X %)imp = (0.57 +£0.09) xgp
(inset in Fig. 6.3c). This is approximately a factor of 200 above that of quantum-limited
imprecision, which is consistent with the detection efficiency determined by xg/«x ~ 0.5,
the microwave loss between the device and amplifier (~ 2 dB), and the noise temperature

of the amplifier at 4 K stage.
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Figure 6.3: (a) The increase in the motional sideband area in DTT (blue) or in BAE
(red), compared to the no balanced tones case (green), identifies the total measurement
backaction. The spectra are centered at the mechanical resonance. (b) The mechanical
fluctuations measured in DTT (blue) and BAE (red) at different pump strengths of the
balanced tones. The green dots are the corresponding mechanical fluctuations measured
without the balanced tones. (¢) Measure imprecision (circles) and measurement backaction
(dots) of position measurement in DTT configuration (blue) and mechanical quadrature
measurement in BAE configuration (red). The solid blue line represents a fit to the measured
backaction, including classical noise in the cavity. The solid green line is the expected
quantum backaction from microwave shot noise. The dashed blue line shows a fit to the
measured imprecision, and the dashed green line is the imprecision below the zero point.
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Figure 6.4: Schematic of the pump configuration in the double BAE experiment. The green
arrow represents the cooling tone. The two red arrows represent the strong BAE pumps.
The two blue arrows represent the weak BAE probe. The upper left inset is the schematic of
the Wigner function, the green circle represents the thermal state cooled by the cooling tone
(green arrow), the red ellipse represents the added noise from the BAE pump. (red arrows),
and the blue dashed arrow represents the quadrature measured by the BAE probes. The
upper right inset is the schematic of the mechanical sideband spectra. The red Lorentzian
represents the sideband spectrum corresponding to the BAE pumps, and the blue Lorentzian
represents the sideband spectrum corresponding to the BAE probes.

6.3 double BAE: Measurement of the quantum backaction

After demonstrating the backaction evading measurement of a single mechanical quadra-
ture, in this section, we will probe the phase dependent backaction induced by the BAE
measurement. As discussed in the previous section, the quadrature variances of the me-

chanical motion under a BAE measurement is given by

(XD /x5y = 2n + 1, (6.35)

()5 =2 (i + mva) + 1, (6.36)

where np, is the measurement backaction. The BAE measurement route all the backaction to
the unmeasured mechanical quadrature X,. Therefore, the state of the mechanical oscillator
under a BAE measurement is no longer a thermal state (the green circle in the upper left
inset of Fig. 6.4). The BAE measurement breaks the rotational symmetry with the phase

dependent measurement backaction. The mechanical quadrature variance at phase ¢ of this
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state is

(X3)/x2, = cos? ($)(X])/xZ, + sin® (¢)(X3)/x2,

= (2n{ + 1) + 2np, sin” (¢), (6.37)

where X¢ = cos (¢) X; —sin (¢) X». The second term in Eq. (6.37) is the contribution of the
phase dependent measurement backaction. In this section, we will detect this measurement
backaction by applying an additional weak BAE measurement.

Fig. 6.4 is the schematic of the pump configuration. Similar to the BAE measurement,
a red detuned tone (green arrow) is applied to damp the mechanical motion, and the green
circle in the upper left inset represents the Wigner function of the mechanical state cooled by
the cooling tone. In addition to the cooling tone, a pair of strong balanced tones (red arrows)
is driving the cavity at w, + w,, to generate the phase dependent measurement backaction
(second term in Eq. (6.37)). The red part of the ellipse in the upper left inset represents
the measurement backaction. In order to detect the measurement backaction, another pair
of weaker balanced tones (blue arrows) are driving the cavity at w, + A + w,, with phases
equal to +¢ (relative to the strong BAE pumps (red arrows)) as a BAE probe to detect the
mechanical quadrature X¢ (the blue dashed arrow in the upper left inset). The detuning
A > T, such that there is no interference between the BAE pump and the BAE probe.
The power of the BAE probe is kept sufficiently small such that the backaction induced
by the BAE probe is negligible. The upper right inset is the schematic of the mechanical
sidebands.

Fig. 6.5, a and b compare the measured quadrature variance of the BAE measurements
from the BAE pumps (red circles) and the BAE probes (blue circles) at different phase ¢.
At ¢ = 0, both the BAE pumps and BAE probes are measuring the minimum mechanical
quadrature X, demonstrating the avoidance of the backaction from the noise in the detected
microwave field. At ¢ = /2, the BAE probes are measuring the orthogonal mechanical
quadrature X, while the BAE pumps are measuring the mechanical quadrature X;. The
maximal increases in fluctuations in the BAE probes signal demonstrate the measurement

backaction from the BAE pumps. The blue curves in Fig. 6.5a(b) are the fits to Eq. (6.37)
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Figure 6.5: (a) An example of measured mechanical fluctuations along the BAE pump axis
(red circles) and the probe axis (blue circles). ¢ is the angle between these two axes. The
blue line is a fit to Eq. (6.37). (b) Polar plot of (a), defining X; and X, along the direction
of minimum and maximum fluctuation, respectively.

with n},}; and nyp, as fit parameters. The measurement backaction in the X, quadrature is
(X3l X3y = (X )Xoy = (X X55 = 2npa. (6.38)

As discussed in section 2.9.2, the measurement backaction follows the relation

1—‘OPt th
2y = (2n +1), (6.39)

m

where the term proportional to 2n is the classical backaction associated with the classical
microwave noise and the term proportional to the +1 is the quantum backaction associated
with the quantum fluctuations of the microwave field.

To explore the relation Eq. (6.39) of the measurement backaction, one can change
the cavity occupation n" by injecting microwave noise from room temperature into the
device with the noise injection circuit described in the previous chapter. Fig. 6.6a

shows the quadrature dependent noise at different injected noise power, the measurement

th

backaction increases with the injected noise power. To measure the cavity occupation n.',
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Figure 6.6: (a) Mechanical fluctuation along the probe axis at different microwave noise
powers: An = 5.71, 9.17, 13.41, and 20.99 (£0.04) aW/Hz (brown, green, blue, and red
dots, respectively). (b) Noise spectrum of the cavity resonance with occupation ' = 0.9.
An is the noise density from the noise floor at the cavity resonance, which is proportional to
n™, The sharp peak at the center is the mechanical sideband at n, = 1.3x 10°. (c) Backaction
in the X, quadrature normalized by the quantum backaction (Xzz)qba as a function of the
noise density from the noise floor at the cavity resonance Ar.
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we concurrently measure the output noise power density of the cavity resonance (Fig. 6.6b)

_ _ 1 4k
Sout [we] = G [we] ho, [Sadd R TR (nth - n;?)] : (6.40)

and the system noise floor
Gthru G 1
Sout [Wel =G (we] hw, (Sadd + 5) (6.41)

by switching to the through port with the microwave switch. After subtracting off the noise
floor, we obtain a linear relation between the cavity occupation and the measured noise
density

" = aAn + B, (6.42)

where Ay = Sou[wel = S [wel, @ = «/4krG [ hwe and B = (¥45) nfft. The

out K R

measurement backaction is related to An by

<X22>ba

SO 20 + 1 =2aA7 + (1+ B), (6.43)
2/qba

where (X§>qba = Dopt/I' is the quantum backaction. Fig. 6.6b shows the observed (Xzz)ba
versus An, which follows the expected linear relation. From the linear fit (blue line), we
extract the slope @ = 0.22 + 0.02 (aW/Hz)™! and 8 = 0.1 + 0.1. The extrapolation to
An = 0 demonstrates the measurement backaction induced by the quantum fluctuation from
the microwave field. The nonzero f indicates that there is excess noise at the output port of
the device.

To estimate the excess noise at the output port n?;, we measure the microwave noise
spectrum without any microwave pump. In this setup, we assume the cavity occupation is

solely due to the noise radiating into the device from the output port of the device, so that

th
c

th

n R

= “Bp'2. This noise at the output port of the device generates a dip in the broadband

noise floor (Fig. 6.7)

_ 1
Sout [wW] = —
a

K2 KR K 1 =
——1) o () (s 2 45| 644
K2+4(w—wc)2(’< nR+( )(nR+2+ wd (049
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Figure 6.7: Cavity noise spectrum with no pump and no injected noise.

Taking kg = 27 X 450 kHz from an independent measurement at 300 mK and fitting the
measured spectrum with Eq. (6.44) (blue curve in Fig. 6.7), we extract k = 2 X 860 kHz
and ng‘ ~ (.2 (or Tg = 50 mK), which gives 8 ~ 0.2, consistent to our observation 0.1+0.1.
This excess noise at the output port of the device maybe due to the power dissipated by the

circulators at 100 mK stage.
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Chapter 7

Mechanical squeezing

In this chapter, we will implement the reservoir engineering technique based on two-
tone driving [54] to generate and stabilize a quantum squeezed state of a micron-scale
mechanical oscillator in an electromechanical system. In the first part of the experiment, we
quantify the quadrature variances with the output spectrum of the electromechanical system
and demonstrate the generation of the mechanical quantum squeezed state of a macro-
scopic mechanical object. In the second part of the experiment, we apply an independent
backaction evading (BAE) measurement to directly quantify the squeezing. From the BAE
measurement, we observe 4.7 + 0.9 dB of squeezing below the zero-point level, surpassing
the 3 dB limit of standard parametric squeezing techniques. The BAE measurement also
reveals evidence for an additional mechanical parametric effect is observed. The interplay
between this effect and the electromechanical interaction enhances the amount of squeezing
obtained in the experiment.

As discussed at the end of the last chapter, an excess noise (~ 50 mK) at the output
port of the device is observed, which maybe due to the power dissipated to the cryogenic
circulators at the 100 mK stage. In order to remedy this issue, we move the circulators to
the mixing plate in the following experiments (Fig. 3.6b). After relocating the circulators,
the noise dip (Fig. 4.7) at the cavity resonance disappear. The cavity noise spectrum is flat
in the absence of microwave drive and injected noise and we assume n%‘ = 0 throughout the
experiments discussed in this chapter. The experiments are performed with device 2, which

has the following parameters:
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X

Figure 7.1: Pump schematic of the reservoir engineering configuration. The inset is the
schematic of dissipative mechanical squeezing. The gray circle represents the initial thermal
state in phase space. The engineered reservoir generates phase dependent dissipation that
relaxes the mechanics into a squeezed state, which is represented by the blue ellipse. The
gray dashed circle represents the zero-point level.

Parameter Value Descriptions
W /21 5.8 MHz Mechanical resonance frequency
I,/ 2n 8 Hz Mechanical linewidth
we/2n 6.08 GHz Cavity resonance frequency
K/2m 330 kHz Cavity linewidth
go/2n 130 Hz Electromechanical coupling
Xzp ~ 1.8 fm zero-point motion

Table 7.1: Parameters of device 2.

7.1 Reservoir engineering mechanical squeezing

In this section, we apply the reservoir engineering technique introduced in section 2.9.3
to squeeze the mechanical motion. We drive the cavity with a stronger red detuned tone
at w, — wy, (red arrow in Fig. 7.1) and a weaker blue detuned tone at w, + w,, (blue
arrow in Fig. 7.1) to couple the cavity with the Bogoliubov mode of the mechanical
oscillator. The cavity cools the Bolgoliubov mode with the dynamical backaction generated

by the microwave drives and dissipatively drives the mechanics into a stationary squeezed
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Figure 7.2: Calibrations of the mechanical squeezing experiment. (a) Pump configuration
of the enhanced electromechanical coupling (G_) calibration. (b) Pump configuration of
the enhanced electromechanical coupling (G ) calibration. (c) Calibrations of the enhanced
electromechanical couplings G, the inserts are the transmission spectrums corresponding
to the solid circles. (d) Calibration of the normalized motional sideband power, the insert
is the sideband spectrum at the base temperature.

state (inset in Fig. 7.1). The mechanical sidebands of the two drive tones generate the
Bolgoliubov mode signal at the center of the cavity resonance, which enables us to extract
the quadrature variances of the mechanical squeezed state from the output noise spectrum

of the electromechanical system.

7.1.1 Calibrations

In the experiment, we measure the output noise spectrum of the electromechanical

system driven by the two drive tones
g S 1 G th th
Sou[w] = G [l hwe { Saaa + 5 + xS |G G A6 k. Dy nlomp] £ (7.1)

where G [w] and S,qq are the total gain and the added noise at the output of the measurement
chain, which are flat throughout the bandwidth of the experiment. S [G_, G, A6, k1, ntch, ngj]
is the noise spectrum of the electromechanical system which is given by Eq. (2.173). We
spend an equal time interleaving measurement to measure the noise spectrum without any

microwave drive to extract the noise floor

. _ 1
Sout [@] = G [w ] hw, {Sadd + 5} : (7.2)
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After subtracting the noise floor from the output noise spectrum, we obtain
Aout [0] = Sout [w] = 50 [w] = G [we] kphweS |G-, G, A, 6,k Ty i min| . (7.3)

In order to fit the spectrum ASyy [w] to quantify the mechanical squeezing, an independent
measurement of the prefactor G [w.] kgfiw, is required, which can be obtained from the

calibrations of the enhanced electromechanical couplings and the thermal calibration.

7.1.2 Calibration of the enhanced electromechanical couplings
To obtain the calibrations of the enhanced electromechanical couplings G-, we measure

the transmitted power of the microwave drives

P. = G [wi] kphiw: A [wi] 1y, (7.4)

where A [w.] are the correction factors due to the parasitic channel [106] and n;—; are the
intracavity pump photon number induced by the red/blue detuned drives. The square of the

enhanced electromechanical couplings are linear to the transmitted pump powers

G; = gyny; = as X Ps, (7.5)

1 8
Glw:lkrhws Awe]”

with the calibration factors a, =

We start with the calibration of the enhanced electromechanical coupling G_ induced
by the red detuned tone. To do that, a single red detuned tone is applied at w. — w,,
with transmitted power P_ (Fig. 7.2a). A network analyzer is used to generate a weak
probe and sweep it through the center of the cavity resonance to measure the transmission
spectrum of the mechanical sideband. The enhanced electromechanical coupling G_ can
be extracted by fitting the transmission spectrum with the electromechanical model Eq.
(2.171). By measuring the transmission spectrum with various transmitted power P_ and
fitting with the linear relation (7.5) (the red line in Fig. 7.2¢), we obtain the calibration

a- = (7.49 +0.10) x 107 rad’s~'W~! and the intrinsic mechanical linewidth I, = 27 X 8
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Hz.
A similar method is used to calibrate the enhanced electromechanical coupling G,
induced by the blue detuned tone. In this case, a blue detuned tone is placed at w. +
W, + 0 with transmitted power P, where 6 = 27 X 30kHz <« k. Since the blue detuned

tone would amplify the mechanical motion and narrow the mechanical linewidth, the
2
:

mechanical resonator becomes unstable when the cooperativity C; = 26

T approaches to

unity. In order to keep the mechanics stable, a constant red detuned tone is applied at
W — Wy — 0 to damp the mechanical motion (Fig. 7.2b). Similar to the calibration of
G_, we measure the transmission spectrum and extract the enhanced electromechanical
coupling rate G, by fitting the transmission spectrum with the electromechanical model
Eq. (2.171). By measuring the transmission spectrum at various transmitted power P, and
fitting with the linear relation (7.5) (the blue line in Fig. 7.2c), we obtain the calibration
as = (3.23£0.07) x 108 rad’s~ W~

7.1.3 Thermal calibration

Having calibrated the enhanced electromechanical couplings, we turn to the thermal
calibration of the motional sideband noise power. To do that, a single red detuned tone is
placed at w_ = w. —w,, with sufficiently small pump power such that the electromechanical

damping effect is negligible (I',, = # < I,). We then measure the noise power of

opt
the up-converted motional sideband P,,, over a range of calibrated cryostat temperature 7'
(Fig. 7.2d). Due to the weak temperature dependence of the cavity linewidth «, we monitor
the cavity linewidth at each measurement temperature. The resulting normalized sideband

power is given by

b
K k] hw,,

(i)2 T (3)2 k5T (7.6)

where P_ is the transmitted power of the red detuned tone, « is the average value of the cavity

2
= Gloclwe 8¢ the thermal calibration.

linewidth over the respective temperatures and b_ = CloJo- o]
The linear fit in Fig. 7.2d gives b_ = (2.53 £ 0.07) X 10° (rad/s)?, which enables us to
convert the normalized noise power into quanta. The prefactor G [w.] kghiw, is given by

the ratio of the thermal calibration _ and the calibration of the enhanced electromechanical
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coupling a_ (i.e. G|w.]krhw. = b_/a_), which allow us to relate the measured noise

spectrum and transmitted powers to the electromechanical model

_ b_ .
ASou [w] = —3 |G_. G A6, k. T nlM b 0] (7.7)

7.1.4 Experimental results
7.1.4.1 Sideband cooling

Before squeezing the mechanical motion, a sideband cooling experiment is performed
to characterize the device performance. To do that, a single red detuned drive is applied at
w, — Wy, at various pump power. The output spectrum of the mechanical sideband and the
cavity resonance are measured to quantify the effective mechanical occupation 71,,,. Fig. 7.3a
shows the mechanical sideband spectra in the weak coupling regime. The optical damping
rate increases with the intracavity pump photon number (7,,) and broadens the mechanical
linewidth. As shown in Eq. (2.203), the power of the mechanical sideband is proportional
to 7i,, — 2nM due to the noise squashing effect. In order to extract the effective mechanical
occupation, we concurrently measure the noise spectrum of the cavity resonance to obtain
the cavity occupation n'. Fig. 7.3c shows the effective mechanical occupation (red circles)
and the cavity occupation (blue circles). As shown in Fig. 7.3c, the cavity occupation
increases with the intracavity pump photon number, which limits the minimum achievable
mechanical occupation. At n, = 4.1 X 10*, the noise squashing 2n is larger than the
mechanical occupation 72,,, which generates a noise dip at the cavity resonance (blue circles
in Fig. 7.3a). As we further increase n,, the noise squashing increases and finally evolves
into normal mode splitting in strong coupling regime (G > «), as shown in Fig. 7.3b.
In strong coupling regime, the output noise spectrum is not simply a mechanical sideband
sits on top of the center of the cavity noise. In this regime, we use the full formula Eq.
(2.202) to fit the output spectrum and extract the phonon bath occupation n and the cavity
occupation n, then calculate the effective mechanical occupation 7t with Eq. (2.196).
As shown in Fig. 7.3c, the minimum mechanical occupation of this device is equal to 0.3

phonon, which is limited by the cavity heating effect. This cavity heating maybe due to



156

(a) (b)
2 2 T : . . .
n =1.2e3 n =4.1e4
1r {‘ P ] 1r P 1
0 = 0 Y
— -20 -10 0 10 20 -3 -2 -1 0 1 2 3
E 2 T T T 2 T T T T
E 1t np=2.6e3 Al np=2.695
o 0 8 AA-A tne 0 e N
5 -20 -10 0 10 20 -3 -2 -1 0 1 2 3
o 0 2 . . . 2 . ] . . .
10 n =6.5e3 n =6.5e5
' 1 P ] 1T P 1
3 0 0 peaniehosotiie? A,
10 -20 -10 0 10 20 -3 -2 -1 0 1 2 3
04 ' ' n =4.1e4 2 ' ' " n =4.1¢6
0 p 1t p
- 0
-120 -60 0 60 120 -3 -2 -1 0 1 2 3
(W- )T, (w-w,)/x
(c)
102E — T — T T T T T T T T T T T T T T T
L I T3
10'F a 3
2 a
I O
i o <
CE = Ee]
P T U . 0 O S —
co 10E . o
c E [ <
- =
L 5 3z ]
10" F g 2 E
: 2 § 3
1 n%nuul .%. il 11 a1l 11 a1l Lol 11 1l 11 a1l
10° 10’ 102 10° 104 10° 108 107
n
p

Figure 7.3: (a) Noise spectra of the up-converted mechanical sideband in weak coupling
regime. (b) The noise spectra of the cavity resonance in the strong coupling regime. (c)
Mechanical occupation (red squares) and cavity occupation (blue circles) extracted from
the noise spectra.
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Figure 7.4: The driven responses at different pump photon ratios. (a) Driven responses in
cavity span. (b) Driven responses near the interference signal.

the fluctuations of the two-level system (TLS) defects in the devices. A phenomenological
TLS model predicts n o \/1p [94], which is consistent with the observed cavity heating at

large n,, (blue line in Fig. 7.3c).

7.1.4.2 Mechanical squeezing

Being able to cool the mechanical motion to the ground state is a good sign to generate
the mechanical quantum squeezed state. To do that, we start ramping up the power of the
blue detuned tone at w, — w,, to cool the Bolgoliubov mode of the mechanics and squeeze
the mechanical motion. As discussed in section 2.9.3, the mechanical squeezing generated
by two-tone reservoir engineering technique is very sensitive to the power ratio of the blue

and the red detuned tones. In this experiment, we keep the total pump photon number

tot _

np

n, + n;; = 1.85x 10°, and squeeze the mechanical motion with various pump photon
. + -_—
ratio n,, / n,.
At each pump photon ratio, we measure the transmitted pump power of the microwave

drives, from which we obtain the enhanced electromechanical couplings G, with the cal-
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Figure 7.5: Output noise spectrum at different pump photon ratios. (a) Output noise spectra
of the cavity resonance. (b) The noise spectrum near the mechanical sidebands.

ibrations a.. The resonance frequencies of the cavity and the mechanical mode can be
changed with the powers of the microwave drives due to thermal effects [93] or nonlin-
earties [94]. In order to precisely align the frequencies of the drive tones at w, + w,,, we
measure the driven response (S31) of the system to extract the detunings and correct the fre-
quencies of the drives. Fig. 7.4a shows examples of the measured driven responses (dots)
and the corresponding fits (solid curves) at various pump photon ratios. The mechanical
sidebands and the probe field interfere destructively at the center of the cavity resonance
and generate a Lorentzian dip with linewidth equals to the effect mechanical damping rate
Lo = Iy +4G?/«, which decreases as we increase the pump photon ratio. Fig. 7.4b shows
the driven responses near the interference signals. By fitting the driven response data with
Eq. (2.171), we can extract the detunings (9, A), the mechanical resonance frequency (w;,)
and the frequency of the cavity resonance (w.), which enable us correct the frequencies
of the drive tones. By iterating this procedures, we can precisely set the powers and the
frequencies of the microwave drives.

Having determined the powers and frequencies of the two microwave drives, we measure



159

10 - 104 F— T T T T
o
/o/
/D’
.o
Eco 1 (e} o o 103 =
o 0o~ E
o e N
e X
-7 -
P <X 3
0.1 <é 102 L ” ]
~
o
Q
(b) x 103 N o
10 —~ 10F .0 =
—_ < e o
n
3 N5
e o o
5 3 1f-7——~" === o gttt e P S o
£E é ° LS R T
: i
—_
0 01 L ) ) ) )

0 02 04 06 08 1 0 0.2 0.4 0.6 0.8 1

n*/n’ nfin
PP PP

Figure 7.6: (a) Cavity occupation extracted from the noise spectrum. The dashed line is
a linear fit of the pump ratio dependent heating. (b) Phonon bath heating rate extracted
from the noise spectrum. (c) Squeezed quadrature variance (blue circles) and anti-squeezed
quadrature variance (red squares) extracted from the noise spectra. The black dashed line
indicates the quadrature variance at the zero-point level. The solid curves are the predictions
from Eq. (2.241) with constant cavity and mechanical occupations extracted from the output
spectrum at n; = 0. The dashed curves are the predictions including the cavity heating
effect extracted from the experiment.

the output noise spectrum Sy, interleaved with the unpumped noise floor 82,

Fig. 7.5
shows examples of the measured output spectra with various pump photon ratios. As shown
in Fig. 7.5a, the cavity heat up as we increase the pump photon ratio. Similar to the
cooling spectrum (Fig. 7.3b), the noise squashing effect generates a Lorentzian dip with
linewidth T’ at the center of the cavity resonance (Fig. 7.5a). By fitting the spectra with
the electromechanical model (2.243), we can extract the cavity occupation (Fig. 7.6a) and
phonon bath heating rate (Fig. 7.6b).

With the extracted parameters from the driven responses and the output spectra, we can
estimate the mechanical quadrature occupations with Eq. (2.238). Fig. 7.6c shows the
quadrature occupations as a function of the pump photon ratio. The blue circles and red
squares are the squeezed and anti-squeezed quadrature occupation respectively. The dashed

line indicates the quadrature occupation at the zero-point level. The solid curves are the
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predictions from Eq. (2.241) with constant cavity and mechanical occupations extracted
from the output spectrum at n;; = 0; they agree with the data at low pump photon ratio. At
large pump photon ratio, the cavity bath starts to heat up, which increases the mechanical
quadrature variances. The dashed curves are the predictions including the cavity heating

effect extracted from the experiment (dashed line in Fig. 7.6a). With the heating effect, the

2

minimum quadrature variance is achieved at n; / n, = 0.43 with (AX 12) =0.56 0.0Zpr,

2.5 + 0.2 dB below the zero-point level.

7.2 BAE measurement of mechanical squeezing

While inferring the level of squeezing from the cavity output spectrum is convenient, it
would be preferable to have a more direct method that does not rely on assumptions about the
mechanical dynamics. This can be achieved in our system without needing to introduce an
additional cavity resonance: we continue to use the cavity density of states near resonances
to generate mechanical squeezing, but now use the density of states away from resonances to
make an independent, backaction-evading measurement of a single mechanical quadrature.
In this way, our single cavity effectively plays the role of two: it both generates squeezing,
and permits an independent detection of the squeezing.

To directly detect the mechanical quadratures, in addition to the squeezing pumps, we
introduce another pair of weak balanced probes (purple arrows in Fig. 7.7) at w, ¥ w,, — A
with phase equal to +¢ relative to the squeezing pumps (red and blue arrows in Fig. 7.7)
to perform a backaction evading (BAE) measurement of the mechanical quadrature )A(q;. In
order to ensure no interference between the sidebands of the squeezing pumps and the BAE
probes, we detune the BAE sidebands from the cavity resonance by A = 27 x160kHz > Tg.
The power of the BAE probes are set about 10 dB weaker than the power of the squeezing
pumps to avoid extra heating. In the experiment, the motional sideband spectrum of the
BAE probes is measured (upper left inset in Fig. 7.7), from which we can extract the
mechanical quadrature variance and linewidth. By sweeping the probe phase ¢, we can

perform tomography of the mechanical quantum state.
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Figure 7.7: Pump schematic of the BAE measurement of mechanical squeezed state. The
red and blue arrows represent the squeezing drives for the reservoir engineering technique.
The two purple arrows represent the balanced drive for the BAE measurement. The upper
left inset is the schematic of the BAE sideband noise spectrum. The upper right inset is the
schematic of dissipative mechanical squeezing. The gray circle represents the initial thermal
state in phase space. The engineered reservoir generates phase dependent dissipation that
relaxes the mechanics into a squeezed state, which is represented by the blue ellipse. The
gray dashed circle represents the zero-point level. The purple dashed arrow indicates the
measured quadrature from the BAE measurement.

7.2.1 Calibrations

In this experiment, the detuning of the BAE sideband A = 27 X 160kHz is comparable
to the cavity linewidth, to precisely balance the BAE tones and correctly interpret the BAE
noise spectrum, an independent calibrations of the enhanced electromechanical coupling

rate G, and the normalized sideband power are necessary.

7.2.2 Calibration of the enhanced electromechanical couplings

We follow the same procedures in section 1.1.2 to calibrate the enhanced electrome-
chanical couplings for the BAE measurement. To calibrate the enhanced electromechanical
coupling G_, we drive the system with a single red detuned tone at w. — w,, — A with
transmitted power P_ (Fig. 7.8a), and measure the driven response to extract the enhanced
electromechanical coupling G_ (red circles in Fig. 7.8c) at various P_. From the linear
fit (red line in Fig. 7.8c), we obtain the calibration a®AF = (7.85 + 0.06) x 10'7. To cali-

brate the enhanced electromechanical coupling G, a constant red detuned tone is applied
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Figure 7.8: Calibrations of the backaction evading measurement. (a) Pump configuration
of the enhanced electromechanical coupling (G_) calibration. (b) Pump configuration of
the enhanced electromechanical coupling (G ) calibration. (c) Calibrations of the enhanced
electromechanical couplings G, the inserts are the transmission spectrums corresponding
to the solid circles. (d) Calibration of the normalized motional sideband power.

at w, — w,, to broaden the mechanical linewidth. Then we drive the system with a blue
detuned tone at w, + w,, — A with transmitted pump power P,, and measure the driven
response to extract the enhanced electromechanical coupling G (blue circles in Fig. 7.8c)
at various P,. The linear fit (blue line in Fig. 7.8¢) gives aPAF = (3.24 + 0.03) x 10'8. The

+

resulting calibrations a. enable us to precisely balance the BAE probes, i.e., G_ = G..

7.2.3 Thermal calibration

After obtaining the calibrations of the enhanced electromechanical couplings, a thermal
calibration is used to covert the measured BAE sideband power to the mechanical quadrature
variance. Similar to the thermal calibration in section 1.1.3, we drive the system with a

single red detuned tone at w_ = w,—w,;, —A with sufficiently small pump power such that the

2
electromechanical damping effect is negligible (I';,; = % < I',). We then measure the

noise power of the up-converted motional sideband P,,, over a range of calibrated cryostat

temperature 7" (Fig. 7.8d). The resulting normalized sideband power is given by

K2 P_ - K| hw,

24+ 4A2\ P,, 2\* kpT
(—K i ) —bBAE( ) XB7 (7.8)

where P_ is the transmitted power of the red detuned tone, « is the cavity linewidth, &

is the average value of the cavity linewidth over the respective temperatures and b_ =
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Figure 7.9: Example of the BAE noise spectrum. The red line is a background fit with a
quadratic polynomial.
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(2.77 £ 0.04) x 107 (rad/s)>.

is the thermal calibration. The linear fit in Fig. 7.8d gives bPAE =

Similar to the measurement of the squeezing output spectrum, we spend an equal
time interleaving measurement to measure the pumped and unpumped noise spectrum.
After subtracting the unpumped noise spectrum to remove the noise floor, the output noise

spectrum of the BAE measurement is given by
ASpens [0] = Spess [w] = So [w] = 5 [w] + Spag ], (7.9)

the first term S, [w] is the noise spectrum of the cavity resonance due to the non-zero cavity
occupation. The second term Seak [w] is the noise spectrum of the BAE sideband, which
is given by

4g; k  Sx, lw]

—n
kT2 +4A2 x2,

Seak [w] = G [we — A] kphw,

, (7.10)

where Sy  lw] is the mechanical quadrature spectrum. Because the BAE sideband is
detuned from the cavity resonance with detuning comparable to the cavity linewidth, over
the bandwidth of the BAE measurement, the cavity noise appears as a frequency dependent
noise background. An example of the spectrum is given by Fig. 7.9, a quadratic polynomial
is employed to fit the cavity noise background, as shown by the red curve in Fig. 7.9. The
BAE sideband spectrum Sgag [w] is given by subtracting the noise spectrum from the fitted

cavity noise background. The noise power of the BAE sideband is given by integrating Eq.
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(7.10), which gives

458 (X3)
BAE _ 0 ¢
P, = G lw] kphw:n, AN x%p .

(7.11)

With the thermal calibtration factor bBAE, we can convert the normalized BAE sideband

power to the quadrature variance

X2 1 4A2 2 PBAE

2 pBAE 4 P

xzp

7.2.4 Experimental results

Fig. 7.10a is the mechanical quadrature variance as a function of the probe phase ¢.

We first perform the BAE measurement to a quantum squeezed state obtained with total

tot _

pump photon number 7,

1.85 x 10° and pump photon ratio n[f/ n, = 0.41 (the optimum
squeezing point in Fig. 7.6¢c). The blue curve is the quadrature variance extracted from
the output noise spectra (the yellow dots in Fig. 7.5). The blue circles are the quadratures

variances obtained from the BAE measurement with probe photon number n,, = 1.1 X 104,

2

The minimum quadrature variance is achieved at ¢ = 0° with (A)?;‘;) = 0.34 £ 0.07x5,

4.7+0.9 dB below the zero-point level, which is lower than the quadrature variance inferred
from the output spectrum, implying that there is additional dynamics at play (beyond the
ideal electromechanical interaction). Then we perform the BAE measurement to a squeezed
state obtained with smaller pump photon number (ng1t =1.35x 10* and n; / n; =0.5). The
red curve is the quadrature variance extracted from the output noise spectra and the red
circles are the result of the BAE measurement with n, = 1.4 X 103. In this case, the results
from the BAE measurement agree with the results obtained from the output spectra, which
implies that the additional squeezing mechanism depend on the power of the intracavity
fields.

The enhanced squeezing observed in the BAE measurement suggests an additional power
dependent squeezing mechanism beyond the dissipative mechanism from electromechanical
interaction; an obvious candidate is direct parametric driving of the mechanics. The

presence of such driving is further corroborated by our observation of a phase dependence of
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Figure 7.10: (a) Mechanical quadrature variance as a function of probe phase. The red
(blue) circles are the quadrature variances of the weakly (strong) squeezed state as measured
using the BAE technique. The solid curves are the quadrature variances inferred from the
corresponding output spectra assuming no mechanical parametric drive. The dashed curves
are the predictions of an electromechanical model including the mechanical parametric
effect. The insets are the mechanical quadrature spectra of the strong squeezed state with
phase ¢ at —70° (red), —50° (green), —20° (yellow), 0° (blue). The gray Lorentzian in the
lower inset represents the spectrum with quadrature variance equal to half of the zero-point
fluctuation (the 3 dB limit). (b) Mechanical quadrature linewidth as a function of probe
phase. The red (blue) circles are the measured mechanical quadrature linewidth of the
weakly (strong) squeezed state. The solid lines are the theoretical predictions from the ideal
electromechanical model. The dashed curves are the fit with the electromechanical model
including the mechanical parametric interaction.
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the quadrature linewidth in the BAE measurement (Fig. 7.10b). Similar induced mechanical
parametric driving has been observed in other BAE measurements; they can arise via a
number of mechanisms, including thermal effects as well as higher nonlinearities [94, 93].
To understand the effects of this mechanical parametric driving, we phenomenologically

add the parametric interaction to our otherwise ideal electromechanical model:
Hpara = 1A (€757 + £V 57), (7.13)

where A is the amplitude of the parametric interaction and y is the relative phase between
the parametric drive and the squeezing pumps. Incorporating the parametric interaction

into the ideal electromechanical Hamiltonian (3.19), the susceptibility matrix Eq. (3.28)

becomes
xo!lw+A] 0 —iG_ -iG,
0 w - A iG* iG*
(xlwl)™ = X * _ L (714
~iG* ~iGy Xollw+6] 226V
iG* iG_ 22y 1w - 6]

The solutions of the quantum Langevin equations are given by Eq. (3.29). With the
solution of the phonon annihilation and creation operators, the mechanical quadrature

X4 = be'? + bTe™¢ can be written as

Xy [0] =Dyt [0] Vidin [w] + Dy2 [w] VRa!, [0]

+ Dy 3 [0] Tbin [0] + Dy [w] VTub), [w], (7.15)

where Dy j [w] = (x [w]); e+ (x [wl)y ; e™*. The quadrature spectrum is given by

Sx, [w] :% f "2—‘7‘: ({Ro [']. Ry Lw]})
- {|D¢’1 [“’]|2 +[Dgo [w]|2} L (”tch + %) + {|D¢,3 [a)]|2 +|Dy.s [w]|2} K (n}f; + %)
(7.16)
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which is a function of the enhanced electromechanical couplings (G_, G), the detunings
(6, A), the thermal occupations (nif, n'"), the amplitude and phase of the mechanical para-
metric drive (4, ). The mechanical quadrature linewidth is given by fitting the predicted
mechanical quadrature spectrum with a Lorentzian curve.

Having incorporated the mechanical parametric interation into the model, we can fit
the observed phase-dependent quadrature linewidth with model to quantify the spurious
parametric drive. Using the parameters (G-, G4, 9, A, ng}, ng‘) extracted from the corre-
sponding output noise spectrum, the quadrature linewidth can be written as a function of
the probe phase ¢, the amplitude A and phase ¢ of the parametric drive, i.e., Iy, (¢, A, ).
By fitting the observed phase dependent quadrature linewidth data (Fig. 7.10b) with the
function I, (¢, A,¥), we can extract A and .

By assuming the phase of the parametric drive ¥ follows the phase of the BAE probe
(i.e. ¥ = ¢ + Yo, where Y is a constant phase shift), the model captures the observed
phase dependence behavior of the quadrature linewidth, as shown by the dashed curves in
Fig. 7.10b. From the fit, we extract 4 = 2m X (121 = 34)Hz, ¢y = —121° £ 52° for the
weakly squeezed state (red dashed curve) and A = 27 X (1.3 £ 0.3)kHz, ¢ = —129° + 15°
for the strong squeezed state (blue dashed curve). Surprisingly, if one instead assumes
that the parametric driving is a result of the main squeezing tones (i.e. take ¢ a constant
independent of ¢), one cannot capture the observed phase dependence of the quadrature
linewidth. These results suggest that the parametric drive is induced by the BAE probes.

The dashed curves in Fig. 7.10a are the predicted quadrature variance including the
mechanical parametric effect. The model suggests that the combination of the reservoir
engineering with the mechanical parametric drive provide extra squeezing. However, the
model doesn’t fully capture the observed quadrature variance in the BAE measurement. The
deviation may be due to the complicated heating effects associated with the underlaying
nonlinearities [94, 93] that cause the spurious mechanical parametric drive. We stress that
our treatment of the spurious mechanical parametric drive is phenomenological; we do
not know the precise microscopic mechanism which causes this driving. Nonetheless, it
allows us to explain both surprising features of the BAE measurements (the observed phase-

dependent mechanical quadrature linewidth, and the enhanced squeezing), and provide a
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direction to engineer the parametric drive to increase the squeezing.

In conclusion, we combine reservoir engineering and backaction evading measurement
in a cavity electromechanical system to demonstrate a continuous QND measurement of
mechanical squeezed states. A spurious mechanical parametric effect is observed and
provide additional squeezing. Together with the spurious mechanical parametric drive, the
reservoir engineering technique produce more than 3 dB squeezing below the zero-point
level. The present scheme can be applied to generate and characterize more complicated
quantum states by carefully engineering the nonlinear interaction [ 11, ]. The ability to
generate and measure a strong quantum squeezed state of a macroscopic mechanical object
would be useful for ultra-sensitive detection [46], quantum information processing [10], as

well as the fundamental study of quantum decoherence [ 118, 47].
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Appendix A

Input-output theory

In section 3.5, by making the narrow bandwith approximation and the slow varying en-
velope approximation, the quantum dynamics of a high Q LC circuit couple to transmission
lines can be described by the quantum optics equations of an optical cavity coupled to heat
baths. In this section, the standard input-output formulism in quantum optics [31, ]is
used to give an alternative derivation of Egs. (3.96) and (3.97). The input-output formailsm
is a generic theory that can be applied to describe dissipations in various system such as
mechanical mode or electromagnetic mode.

In the input-output formalism, the total Hamiltonian can be separated into the Hamilto-

nian of the system IT-AIsys and the Hamiltonian that describe the dissipation Hyi, i.e.
Hio = Hsys + Higs. (Al)

In this case, the system is a high Q electrical resonator or optical cavity, which is described

by the Hamiltonian

A

Hys = hwcd"a. (A.2)

The dissipation is described by a bath that consists of a continuum spectrum of electromag-

netic modes which are linearly coupled to the system, i.e.,
I:Idiss = [:Ibath + ﬁint» (A.3)

where Hpy is the Hamiltonian of the bath continuum and Hiy is the interaction between
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the system and the bath, which are given by

Hyuh = f dkhw (k) AT (k,1) A (k, 1), (A.4)
I:Iint:—ihfdk |f ) a" (k) Ak.t) = hec.], (A.5)

where f (k) is the linear coupling between mode k and the system. The equation of motions

of the cavity field and the bath continuum modes are given by the corresponding Heisenberg

equations
dizft) = —iwed (1) - f dkA (k1) f (k), (A.6)
dAéf’ D o i) Aten + £ (k) a). (A7)

The solution of the external field A (k, ¢) is given by integrating Eq. (A.7). If we integrate

from the initial time ¢ to ¢, we obtain

t
A (k1) = A (k, 19) e @RU=10) 4 f dra (1) f* (k) e w01 (A.8)

to

We can also integrate backward from the final time 7 to ¢, and then we obtain

Ak,t) = A (k,15) e eO01r) — f " dra () £ (k) e W), (A.9)

t

Substituting Eq. (A.8) and Eq. (A.9) into the last term of Eq. (A.6), we obtain

f dkA (k,1) f (k) = f dk f (k) A (k, ) e 010)
+ f dr fo ) g—:J[w] e g (1), (A.10)
f dkA (k,1) f (k) = f dkf (k) A(k,tf) etk (i=tr)

Iy ® 4 .
- f dr f z—wJ[a)] e (7)) (A.11)
t 0 T
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where the kernal J [w] is defined by

2
Jw] =2n dk If (w)]?. (A.12)

dw

If the response of the bath is much faster than the change of the envelope a (¢) of the
cavity field (i.e. slow varying envelope approximation and d (¢) = d (t) e”*“<"), then we can

rewrite the integral

! d . ! ©q .
f de _(1)] [w] e—zw(l—T)d (T) =4 (t)f de _a)J [w] e—t(w—wc)(t—‘r)
o 2w to 0 2

t ) d .
~a () f dr f LT w+wde i (A13)
o —We 2n

Because the cavity only response around its resonance frequency, we can extend the integral
from —w, to —co without introducing large error. If we further assume the kernal is constant

within the bandwidth we concern, we can approximate it by a constant

12
Jw] =27 |—| |f (we)]? = «. (A.14)
dw
Then the integral becomes
t o d .
f dr f 2w+ wde @ = Za ). (A.15)
0 oo 2T 2

The approximations in the derivation above are the Born-Markovian approximation, which

is equivalent to assuming the bath is memoryless. If we define

N 1 n .
din (1) = ——— | dwA [w,1y] e @0, (A.16)
n \/2—7(
N 1 n .
dou (1) = ——= | dwAlw,10] ), (A.17)

\2r

then Eq. (A.6) can be written as

da(t)
dt

+ (ia)c + g) 4 (t) = Vediy (1), (A.18)
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or
da(t)
dt

+ (iwc - g) a.(t) = Vdoy (1) . (A.19)

The difference of Eq. (A.18) and Eq. (A.19) gives the boundary condition
dout (1) = din (1) = Vka (1). (A.20)
The input field and the output field satisfy the commutation relations

[din ), d}, ()] = sG-1),
[dow (1), ()]

6(t-1),

with the other commutators equal to zero. If we assume the system and the bath are
independent and non-interacting at the initial time 7o, and the bath is at thermal equilibrium

at #¢, and then the bath operator satisfies

(Aw,10)) =0, (A.21)

(A (w.10) A (,10)) =0, (A.22)
(A" (w.10) AT (', 10)) = 0, (A.23)
(A (w,10) A (@', 10)) = nin [w] 6 [w + o], (A.24)

where (- - - ) represents ensemble average. Together with Eq. (A.16), the statistics of the

input field is
(dn () =0, (A.25)
(din () din (1)) = 0, (A.26)
(di, (1 d () =0, (A.27)
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A 1 0 0 ; " A N
(dl, ) d () = 5 f dw f do/ et e 0 (AT (w,19) A (w,10))  (A.28)
_1
Y oo

=n" w6 (-1, (A.30)

dwe M (] (A.29)

where we assume that we are focus on a small bandwidth about w,, and therefore ng, [w] =~

N [we].

Intrnal and external losses

Up to this point, the only loss in the system is due to the dissipation to the transmission
line. In reality, there are channels other than the transmission lines can generate additional
losses and fluctuations to the system, for example, radiative loss, resistive loss and dielectric
loss can induce extra losses and fluctuations to the resonator. To take all these effects into
account, we lump all of these channels together and associate them with a heat bath with
internal loss k; = k—k —kg. Then the quantum dynamics of the RLC resonator is governed

by the same equation (A.18) with

Vicdin (1) = \krdrin (t) + VKLdLin (t) + VKrdRin (1) . (A.31)

The input-output relation of the field in the transmission lines is

dyout(t) = doin(t) — Vo d(t), (A.32)

where o = L, R. In general, the temperature of different channels can be different

(d 1 () doin (1)) = 1P w16 (1 1), (A.33)

with thermal occupation ng’ [w] =1/ (exp kszC(, - 1).
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Appendix B

Beyond the rotating wave approximation

Discussion in chapter 4 focuses on the electromechanical system in good cavity limit,
i.e., k/w, < 1. Therefore, the off-resonance interactions described by Her (cf. Eq. (4.20))
have been omitted. This appendix discusses the procedures the include the effects of off-
resonance terms. These effects can become important if the sideband parameter «/w,, <« 1
and possibly alter the lineshape of the noise spectrums.

The quantum Langevin equations (4.16) and (4.17) in the frequency space are

[g —i(w+ A)] d[w] - V&din [w] =i (G_¢[w] + G,& [w])

+i(c;+é[w—gz]+(;_éT [w+Q]), (B.1)

[%’" —i(w+ 5)] ¢ [w] = VTt [w] =i (G_d [w] + G.d" [w])

+i (G+ci[w +Ql+G d [w+ Q]) . (B.2)

where Q = 2 (w,, + 6). The off resonance terms couple the fields at w to the sideband at

w + Q. If we define the vectors
Dcr [w] = (...i)[w—zsz],i)[w—Q],D[w],i)[w+Q],D[w+2g]...), (B.3)

Derin[w] = (... Din [0 = 2Q], Din [w = Q1. Diy [w], Din [ + Q] Dy [w +2Q] ...,
(B.4)
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and the diagonal matrix
Lcgr =diag(...L,L,L,L,L...). (B.5)
The quantum Langevin equations can be written in the matrix form
(xcr [0]) "' Der [w] = Ler - Derin 0], (B.6)

with the susceptibility matrix

0 0 0 0
0 x_ xlw-Ql x, 0 0 0
(xerloD™'=] 0 0 % Ylwl  x* o o0 | (B.7)
0 O 0 X Xlw+Q] x, O
0 0 0 0
with
0 0 -iG, O
) 0 0 iG_. 0
X = , (B.8)
0 0 0 0
iG_ iG, 0 0
and
0 0 0 -iG_
0 0 0 iG
Xt = ’ (B.9)
0 0 0 0

In order to solve the equations of motion, we truncate the number of sidebands that we
take into account, i.e. we trucate the length of ﬁCR [w] to the nM'sideband at frequency
wm = n€. As the analytic solutions are unwieldy even for first order corrections, we instead

numerically calculate the spectrum at frequencies specified by the data.
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Appendix C

Fabrication recipe of the
superconducting electromechanical
device

This appendix describes the detailed fabrication procedures of the polymer sacrificial
device with S1813 and sputtered aluminum. The device is fabricated in a class 100 clean

room at the Kavli nanoscience institute at Caltech.
1. Bottom layer:

(a) Clean the silicon substrate with nanostripe for 30" at 80 °C.

(b) Remove native silicon oxide by HF for 5’.

(c) Sputter 100 nm aluminum with Ar pressure at 5 mTorr and 700 W.
(d) Dehydration bake at 105 ° for 1.

(e) Coat with HMDS vapor for 10".

(f) spin coat S1813 with 3000 rpm for 1".

(g) Remove the resist at the etch of the chip with acetone.

(h) Bake at 90 °C for 1’.

(i) Contact exposure with the mask of the bottom layer for 4”.

(j) Develop the photoresist with MF-319 for 1’.

(k) Descum with Branson asher at 1 Torr O, with 100 W for 2’.
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(1) Hard bake at 100 °C for 2’.

(m) Etch the aluminum with transene aluminum etchant-type A for 3'30”.
(n) Second etch with MF-319 for 2’ to remove the aluminum oxide residue.

(o) Remove the photo resist with remover PG for 30" at 80 °C.
2. Sacrificial layer:

(a) Dehydration bake at 105 °C for 1’.

(b) Coat with HMDS vapor for 10".

(c) spin coat S1813 with 3000 rpm for 1.

(d) Remove the resist at the etch of the chip with acetone.

(e) Bake at 90°C for 1’.

(f) Contact exposure with the mask of the sacrificial layer for 3”.
(g) Postbake at 100 °C for 1”.

(h) Second exposure with flood mode for 0.5”.

(i) Develop the photoresist with MF-319 for 5" without agitation.
(j) Descum with Branson asher at 1 Torr O, with 100 W for 2’.
(k) bake at 110 °C for 1 min to reflow the photoresist

(1) Roughen the surface of the sacrificial layer by RIE with O, plasma for 20.

(m) Sputter 100 nm aluminum with Ar pressure at 5 mTorr and 700 W.
3. Top layer:

(a) Dehydration bake at 105 ° for 1’.

(b) Coat with HMDS vapor for 10'.

(c) spin coat S1813 with 3000 rpm for 1.

(d) Remove the resist at the etch of the chip with acetone.

(e) Bake at 90°C for 1’.
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(f) Contact exposure with the mask of the top layer for 4”.

(g) Develop the photoresist with MF-319 for 1.

(h) Descum with Branson asher at 1 Torr O, with 100 W for 2’.

(i) Hard bake at 100 °C for 2’.

(j) Etch the aluminum with transene aluminum etchant-type A for 3'30”.
(k) Second etch with MF-319 for 2’ to remove the aluminum oxide residue.

(I) Remove the photoresist and the sacrificial layer with remover PG for 30" at

80°C.

(m) Dry the sample with critical point dryer (CPD).
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