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Abstract

Cavity optomechanics, the study of mechanical effects from resonant light, has recently
shown remarkable sensitivities in displacements and forces (torques) — which opened up
new avenues for scientific and technological developments. One of the interesting prospects of
cavity optomechanics includes torque magnetometry, where mesoscopic effects of magnetism
can be explored through sensitive nanomechanical detection. In this thesis, I drastically
improved the sensitivity of optomechanical torque sensors for magnetometry applications.
Hence, this work is divided into three phases: my achievement in approaching quantum-
limited torque sensitivities at millikelvin temperatures, my recent work on mechanical mode-
damping using ferromagnetic needles at room temperature, and my current progress on
implementing torque-mixing magnetic resonance spectroscopy to optomechanics where spin

modes of a permalloy disk are studied.

I begin the discussion by briefly introducing the field of cavity optomechanics, where I have
combined cavity optomechanics and torsional mechanics for the first time with a thermally-
resolved torque sensitivity of 0.8 zZNm/v/Hz. Then, I have optimized the on-chip design and
improved nanofabrication techniques such that 0.5 zNm/ VHz was reached. The “pluto”
device, with a large optomechanical coupling, was placed in our unique dilution refrigerator
to minimize the thermal noise at 25 mK. Looking through a cryogenic compatible microscope
objective, a versatile dimpled microfibre can access any optical microdisk. Arriving at the
optimized device, thermalized at the dilution stage, the torque sensitivity was 2.9 yNm/ VHz,

just eleven times above the standard quantum limit.
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Although the torque sensitivity alone is impressive, compatibility to magnetic systems
needs to be verified, where I incorporated magnetic materials to demonstrate its adaptability
to optomechanics. Here, I have tested both hard and soft magnets, namely iron needle and
permalloy disk. Utilizing a device with 0.6 zNm/ VHz sensitivity at room temperature, I have
successfully driven torque using out-of-plane alternating magnetic fields, where I extracted
bulk remanence of iron. I have also shown feedback cooling as well — highlighting mode-

damping below 12 K.

I review my final experiment to implement torque-mixing magnetic resonance spectroscopy
to study spin modes of a ~1 pym diameter permalloy disk. Adding the in-plane magnetic
fields to the previous experiment, I was able to detect spin modes and vortex pinning, which
results in a high frequency shift (> 1 GHz). This has one important consequence, where we
can apply magneto-opto-mechanical coupling to convert microwave to telecom photons co-
herently. In summary, my project conveys that optomechanics and torque-mixing magnetic
resonance spectroscopy are compliant, which may yield great results when equipped with
cryogenic torque sensitivity. Ultimately, this platform of cryogenic optomechanical torque
sensor can be a great candidate to study other exotic magnetic materials, to uncover un-
explored physics in vortex-mechanics, phases of matter, and other mesoscopic properties of

superconductivity.
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Preface

The purpose of the present study was two-fold: to examine the impact of cavity optomechan-
ics on torque sensors and to explore nano-magnetism through torque magnetometry. Torque
magnetometry is a powerful method for studying intricate properties of magnetic materi-
als. I am grateful to partake this exciting project, which stemmed from my supervisor’s
post-doctorate work from the Freeman group. I have gained valuable experiences working
in collaboration with the Freeman group. It is truly a blessing to work on merging the best
of two fields: optomechanics and nanomagnetism. At the end chapter of my master’s thesis,
I stated that we were building an optomechanical apparatus in a dilution refrigerator for
the sole purpose of maximizing the torque sensitivity. Being fortunate to stay in the group
and carry out this project through my Ph.D. studies, I have exactly done so by building
our one-of-a-kind optomechanical dilution refrigerator apparatus. Initially I assisted Alli-
son MacDonald in constructing this apparatus to mount tapered fibres and silica bottles,
which resulted in two publications entitled “Optical microscope and tapered fiber coupling
apparatus for a dilution refrigerator” in Review Science Instruments, 86, 013107, 2015 and
“Optomechanics and thermometry of cryogenic silica microresonators” in Physics Review A

93, 013836, 2016.

After these experiments, I have taken full charge of the dilution refrigerator to modify and
incorporate on-chip torque sensors — where I have machined various pieces to accommodate
a dimpled microfibre and a device chip. As a result, I was able to cool the torque sensor
down to 25 mK, which yielded remarkable torque sensitivity of 2.9 yNm/v/Hz. This result

was published with Bradley Hauer, as my co-author, who contributed most of the analytical
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discussion, in Nature Communications, 7, 13165, 2016 entitled “Approaching the standard
quantum limit of mechanical torque sensing”. As the first author of this paper, I have taken
full responsibility of optimizing cleanroom processes to create these intricate devices in place
of commercial foundries. With the capability of optical microscope inside the fridge, I was
able to characterize and analyze all the data and achieve torque sensitivity near the standard

quantum limit. Contents of this thesis were taken from my published works.

After my lengthy usage of the dilution refrigerator, I was also instrumental in the next
fridge project, lead by Bradley Hauer, for fabricating a new design of optomechanical
coupling devices for studying the two-level systems in ordered-silicon in “Two-Level sys-
tem damping in a quasi-one-dimensional optomechanical resonator,” Physics Review B 98,
214303 (2018) and investigating photothermal effect in “Dueling dynamical backaction in a
cryogenic optomechanical cavity,” accepted to Physical Review A (2019). During this time
when the fridge was occupied, I applied my optomechanical torque sensor to study hard
and soft magnetic systems. With the aid of magnetic simulations by Fatemeh Fani Sani, I
was able fabricate the chip, construct the apparatus, take the measurements, and analyze
the data. We submitted two papers: the first paper was published, “Magnetic actuation
and feedback cooling of a cavity optomechanical torque sensor,” Nature Communications
8, 1355 (2017), for driving and damping the torsional mode using magnetic forces, and
the second paper was published, “Broadband optomechanical transduction of nanomagnetic
spin modes”, Applied Physics Letters 113, 083104 (2018), for implementing torque-mixing

magnetic resonance spectroscopy to cavity optomechanical systems for the first time.

I was active in my role as a cleanroom specialist in the group where I helped out other
projects in regards to superfluid cavities. These devices were made from a quartz wafer, and
I assisted in the fabrication process — which lead to a publication, “Ultralow-Dissipation
superfluid micromechanical Resonator,” Physics Review Applied, 7, 044008, 2017. Here, as
a summary of my Ph.D. work, I have organized this thesis to provide some background

of optomechanics and torque magnetometry (Chapter 2); explain experimental details of



nanofabrication techniques and the operations of a dilution refrigerator (Chapter 3); high-
light torque sensitivities near the standard quantum limit (Chapter 4); demonstrate feed-
back cooling and magnetic actuation using a ferromagnetic needle (Chapter 5); and confirm
the adaptability of torque-mixing magnetic resonance spectroscopy in cavity optomechanics
(Chapter 6). Chapter 7 includes final thoughts and outlook on future projects with meso-

scopic superconductivity and optomechanical torque-sensing platforms.
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Thank you Starlayne for your love and support.
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Basic operation of torque magnetometry (a) A sample of magnetic
material (dark grey) is placed on a torsion paddle (light grey). A torque, 7, is
applied when the sample is magnetized along z-axis, m, and driven with an
out-of-plane H field. (b) The torque then is measured through a focused laser
on the torsion paddle. The reflection from the paddle and the substrate creates
an interference, where the torsional motion modulates the phase between the
two reflected surfaces. The limitation, here, is the beam spot size of the laser,
which should be smaller than the paddle, on the order of ~ 1 pym in diameter.

Magnetic hysteresis loop A simulation of magnetic hysteresis loop is
shown for a ferromagnetic material. Remenant magnetization (M;) is indi-
cated by a star at zero field, coercivity (H.) is shown where the magnetizaton
goes to zero, and saturation magnetization (Mjy) is indicated at high field. . .

Model of a simple paddle (a) A torsion paddle with width, w, height,
h, length, I, and thickness ¢. (b) An example scanning electron microscope
(SEM) shows of optomechanically transduced torsion paddle used in Ref. [48].
The scale bar is 1.5 pm . . . . . . . . L e

Optomechanical transduction (a) A rendition of a microdisk optomechan-
ical system, where the torsion paddle is evanescently coupled to a microdisk
by a small gap — allowing transduction of the mechanical motion through
changes to a coupled optical resonance. Here, an optical dimpled tapered mi-
crofibre is used to inject photons to the microdisk, creating an optical mode
shown in a (b) A FEM simulation of the optical mode with frequency (weay)
and optical loss (kcay). Coupled to the microdisk is the mechanical frequency
(Qm) and the mechanical dissipation (T'). (c) As the laser is tuned-to-slope
(dashed line) the time oscillating signal follows the mechanical motion as the
optical resonance detunes to red and blue. (d) Analyzing the Fourier compo-
nents to the time-oscillating signal, we can decompose the mechanical modes
in a power spectral density. . . . . . .. ... L Lo
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2.3

3.1

3.2

3.3

Ideal displacement spectral density The total displacement spectral den-
sity for T = 0 temperature (red) has three contributions: the zero-point fluc-
tuation of the oscillator (S7P!), the imprecision given by the shot-noise limit
(Smp) “and the back action due to quantum fluctuation of the measurement
signal acting back on the oscillator (SP2). At very low temperature there is
also a thermal contribution. The SQL is at the crossover of Siyp, and Spa,
where Psqr, is minmimum. The main graph shows the contribution to S, as
a function of power and the sub-figures show the spectrum at three differ-
ent locations of P/P5QL < 1, P/PSQL = 1, P/PSQL > 1 (image taken from
Ref. [B4]). « o o o o e

Other examples of optomechanical torque sensors (a) A racetrack
resonator optomechanically detects torque on the nanobeam such that the
photon spin angular momentum can be studied (taken from Ref. [1]). (b)
A set of paired silica nanodumbells is levitated optically to minimize the
moment of inertia to the extreme, where the reported torque sensitivity is on
the order of 10~22 Nm/+/Hz. Optimizing the parameters of the nanodumbells
and the optical trap, the proposed torque sensitivity can be enhanced down
to 1072 Nm/+v/Hz (taken from Ref. [23]). (c) A work from our collaborator
demonstrates a comparable torque sensitivity near 0.8 zZNm/ vHz at ambient
pressure, where the device is based on a photonic crystal design (taken from
Ref. [T0]). « o o o e

Family of on-chip optomechanical torque sensors (a) An SEM of the
root experiment with a triple paddle simulation on the bottom. Torque mag-
netometry on a Py disk in the middle was studied using an interferometric
detection. (b) My first inception of a cavity optomechanical structure, demon-
strating 0.8 zNm/v/Hz at the torsional resonance. (c) The next attempt,
named “bow-tie” involved in trimming the mass on a paddle to reduce the
moment of inertia, while keeping the coupling arc increased. (d) Another
variation named “hatchet” device, is designed to reduce the width in half of
the bow-tie design. (e) The ring resonator is an extreme case, where the tor-
sion ring is coupling around the perimeter. Consequently a thermomechanical
signal is large, but the torque sensitivity suffers due to a larger moment of
inertia. (f) The pluto device, a singly clamped torsional device that has both
high G and low I, was my final design for a cryogenic optomechancial torque
sensor. All the scale bars are 2 um. . . . . . . . ... ... L.

General process flow for NOMS torque sensor fabrication (a) Starting
at the top left, the cross section of the heterostructure is shown, which consists
of a bulk substrate, a sacrificial layer, and a top active layer. Moving to the
right the sequence of fabrication is shown across the figure. The electron-beam
resist is coated on the substrate, and patterned using a cold development, after
which reactive-ion etch is used on the exposed area to pattern the torsional
oscillator. After the resist is cleaned with a piranha solution, a final step
of a timed BOE etch is used to remove the sacrificial layer, followed by a
critical-point dry method to avoid stiction in small gaps. (b) A SEM of the
end result is shown where a singly-clamped torsional oscillator is suspended
and separated to the optical microdisk. The scale bar is 1 ym. . . . . .. ..
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3.4

3.5

3.6

Principle of electron-beam lithography (a) A commercial picture of the
RAITH-150Two EBL system is shown, placed inside the lithography room
at the nanoFAB cleanroom. (b) Inside the sophisticated equipment, a simpli-
fied schematic shows the operating principle of a EBL system. From a field-
emitted e-beam source, the electron beam is accelerated by a high voltage
potential, which undergoes a series of beam-blanker, aperature, and pattern
generator, with magnetic coils in between for focusing. A beam-blanker is
required to avoid continuous exposures between structures. An micron-size
aperature is needed to shape the e-beam profile at the surface of the chip.
A pattern generator is what distinguishes an e-beam system from a scan-
ning electron microscope, where the pattern generator directly exposes the
resist on a chip. The stage has a separate vacuum system where it can move
from one write-field to another. The whole apparatus is placed on a vibration
isolation platform to minimize mechanical vibration during the long writing
PTOCESS.  « v v v v e e e e e e e e e e e

Cold development and small gaps (a) To create small gaps and straight
side-walls in resists, cold-development is required. Two beakers are prepared
on a cold-plate: a ZED-N50 developer and an IPA solution. The beakers are
sanded on the bottom, where silicon grease droplets are applied to have a
better thermal contact to the cold plate. With a Styrofoam thermal isolation
and a small stir-stick, it takes about 30 minutes to reach -15 C. The develop-
ment is done by 20 s stirring in ZED-N50 developer and 20 s rinsing in IPA,
followed by a Ng dry. (b) For small-aspect-ratio designs, a gel, formed on the
surface of the e-beam resist, can link the features due to underdevelopment
— as seen by the cross-links on the left column. The SEM on the right col-
umn shows the fully developed process where the gaps are visually seen (from
[83]). For (c) and (d), I have shown my examples of underdeveloped and fully
developed structures, respectively, for a 60 nm gap. The interplay between the
exposure dose, development, and the cold-plate temperature plays an impor-
tant role in attaining the smallest gap possible in my optomechanical design.
The scale baris 1 pm . . . . . . ..o L

Mechanism of plasma etch (a) A schematic of an inductively coupled
plasma reactive ion etching is displayed. After generating a plasma with re-
active gases (C4Fg and SFg) using an inductive coil, a bias created from the
coil and the electrode bombards the chip with ions to etch away any exposed
silicon materials on a chip. A recipe used for plasma etching is unique to
each Inductively coupled plasma reactive-ion etch (ICP-RIE) system, where
this recipe was fully optimized at NRC-NANO cleanroom. (b) Initially I have
used a default silicon handler wafer to mount the chip with a dab of silicone
grease, however, after repeated use of silicon, there is a risk of wafer breaking
inside the chamber while loading and unloading mechanically. (¢) Soon I have
replaced the silicon-handle to a sapphire wafer to avoid repeated etches on
a silicon wafer. The sapphire wafer is chemically resilient against silicon-etch
and increases the etch-rate. . . . . . . . ... . L L Lo
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3.7

3.8

3.9

3.10

Critical point drier (a) A picture of the critical-point drier, used to avoid
the stiction problem from surface tension of liquids. It replaces the solvent to
liquid CO5 where heat and pressure is applied to bypass the phase transition
from liquid to vapour. (b) Inside the equipment, pieces of teflon rings are
added to minimize the volume for the purging process from IPA to LCOs.
When the chip holder was placed in the middle, the chip would sometimes
flip over due to currents in the fluid during multiple purging process.Having
two chip holders rigidly placed, I can avoid the issue of the chip flipping
over completely. However, there are sometimes contaminations after the CPD
PIOCESS.  « v v v v e e e e e e e e e

Dimpled microfibre fabrication (a) When a 125 ym diameter optical fibre
is heated and stretched simultaneously, the optical transmission oscillates
until it reaches a single mode at end, where the optical simulation profile
shown on the inset [86]. (b) A SEM of the diameter in the tapered region,
where the smallest diameter shows 1 pm, same as the scalebar. (¢) After
obtaining a nice tapered fibre, the ~1 pm diameter fibre is wrapped around
another fibre-mould (diameter of ~ 65 pm) by manipulating the translation
stages, as seen in the picture. Then a quick annealing step in the red region
using a hydrogen torch shapes the dimple in the tapered region. The inset
scale bar is 125 um (d) Upon release of the tapered fibre waveguide to the
mould, the optical transmission during the dimpled process, including the
mould, annealing, and release step, shows negligible optical transmission loss:
the fibre is clean and the curvature still holds the total internal reflection in
the fibre core. (e) An optical image of the dimpled microfibre is shown with
a scale bar of 5 mm. Using a low-temperature compatible epoxy, the dimpled
tapered fibre is mounted on a fibre-holder as shown in photograph (f). . . . .

Dimpled microfibre coupling apparatus (a) The nanofabricated optome-
chanical chip is placed on the three-axes of nano-positioners and highly-
efficient dimpled tapered fibre are housed in a moderate vacuum chamber,
capable of reaching ~10~° Torr. The apparatus shows the transduction of a
mechanical spectrum when the wavelength is tuned-to-slope (the laser goes
through splitter, variable optical attenuator (VOA), fibre polarization con-
troller (FPC), and photodiode (PD). (b) The displacement power spectral
density (S,) of the torsional optomechanical device in Ref. [48] shows a noise-
floor, or minimum detectable signal, of 7 fm/v/Hz. The inset shows the op-
timal torque sensitivity of 0.8 zNm/ VvHz at the mechanical resonance fre-
QUENICY.  « v v v e e e e e e e e e e

Low temperature apparatus A photograph of the optomechanical appara-
tus installed on a baseplate of the dilution refrigerator. The core components
are similar to the room temperature apparatus: imaging system, dimpled ta-
pered fibre, and nano-positioning stages. . . . . . .. ... ... ...
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3.11

3.12

3.13

3.14

Phase diagram of liquid mixtures of *He and *He The phase diagram
of the 3He and *He mixtures, where there are three regions: superfluid phase,
normal phase, and the forbidden phase (dashed), where the phase separation
of the *He-rich (pure) and the *He-poor (~6.5% diluted) phase occurs. Even
at T = 0, phase separation occurs for a wide range of >He concentrations
(from Ref. [98]). . . . . .

Operation of a dilution refrigerator (a) A schematic of the operating
principle behind a dilution refrigerator. Inside the IVC, the room-temperature
gas is pre-cooled to the 1 K pot. After a succession of thermally-linked heat
exchangers, the 3He gas condenses to a pure liquid, which is fed to the mixing
chamber. From the mixing chamber, the 3He atoms in a diluted phase is
pumped away from the still line creating a continuous closed-cycle. As the
circulation continues, balanced by the impedance line, the base temperature
of 9 mK was reached at the baseplate (unloaded). (b) The control panel of the
3He circulation outside the IVC. The 3He atoms are mechanically pumped
from the still line and cycles through a cold trap, which it is fed back to the
IVC. o

Layout of the fridge (a) A commercial rendering of our Oxford Kelvi-
nox400HA system where the bottom half is sealed by IVC and the whole
system is covered by sliding-seal and dewar. (b) Cropped pictures of the core
dilution parts overlayed with a rendered flanges to simplify the layout. The
top flange is 4.2 K linked to the *He dewar, followed by 1.4 K flange based on
the 1 K pot, 1.0 K flange from the still, 200 mK flange from heat exchangers,
and 7 mK at the base plate where the mixing chamber resides. (¢) A photo-
graph of the radiation shield, IVC, and the sliding seal is shown from left to
right and is illustrated below where the radiation shield and the IVC creates
a thermal isolation to the bath except at the top flange of b). The sliding seal
is in place to prevent condensation of air while raising and lowering a cold
dewar. . . . . ..

Nuclear orientation thermometer The inset shows an illustration of the
~v-ray spectrum as a function of temperature: at high temperature, T' = oo,
the spectrum is isotropic, where at 7' = 5 mK, the emission-rate along the
magnetized axis (0 = 0) gradually decreases. This is shown by the data,
where the vertical axis is the normalized y-emission count-rates of a single
crystal %9Co along 6 = 0 axis (W (0)) and the horizontal axis varies in mK
temperatures (reproduced from Ref. [103]). From the large slope, or large
sensitivity, below ~ 30 mK, this type of primary thermometer is used in our
dilution refrigerator. . . . . . . ... Lo
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3.15

3.16

4.1

4.2

‘He recovery system During normal operation, noted by black arrows,
evaporated *He atoms from the dewar and 1 K pot are fed directly to the
liquefier by a compressor. When the liquid is running low in the dewar, where
the #He level is near the bottom of the 1 K pot feedline, a manual “He transfer
is conducted to top-up the helium level from the liquefier using a transfer stick
and pressurized *He gas, as indicated by the bottom orange arrow. During
the transfer process, a large volume of *He is generated, which is captured
first in a black recovery bag located at a separate room, as noted by top
orange arrow. To accommodate all the helium, a compressor takes “He into
pressurized yellow cylinders for storage. Afterwhich, “He atoms are purified
in a cold trap and is pressurized to the liquefier in our lab. Based on this
efficient recovery system, experiments can be prolonged to years of operation
as long as the weekly “He transfers are met. . . . . . . ... ... ......

Low temperature optical microscope (a) From the same schematic, as
seen in Fig. 3.12, the tonfa-shaped imaging system is overlayed in a photo-
graph. Additional photographs of the top portion, including the camera, the
37,000 fibre-bundle, and the thimble system to translate the imaging system
vertically is shown as well as the LED fibre feedthroughs on the bottom. (b)
The imaging principle is shown here where the green LED is focused and
collimated through the sample and is collected through a fibre-bundle toward
a CMOS-based CCD camera. The image collected from this system is crisp
and clear in comparison to an actual microscope image of the same chip.

GDSII layout for e-beam lithography (a) A writefield is an 100 gm x 100
pm square area that is used for the pattern generator to directly expose the e-
beam resist. At the centre, four 1 pm square alignment marks are designed for
potential post-process of depositing materials. On the left side of the optical
disk, a trench is designed to give room for dimpled microfibre manipulation,
with two fibre-racks to hold the fibre in place. (b) Four different torque sensors
are designed. For three designs, bow-tie, hatchet, and pluto, have a small 1
pm diameter area reserved for hybrid systems, whereas the ring-resonator
design can explore optomechancial effects at low-temperatures. . . . . . . ..

Coupled torsional model schematic and angular scaling function (a)
A schematic depicting the out-of-plane displacement of a simple torsional
mode. (b) A top-down view of the torsional resonator geometry used in this
work with the critical dimensions labeled. The measured numerical value
for each dimension can be found in table 4.1. (¢) A torsional “mass-and-
spring” diagram illustrating the simple coupled oscillator model. (d) Plot of
the scaling function h(y) using both the analytical model of Eqn. 4.18 (blue -
dashed) and FEM simulation (red - solid), with the following four regions of
the resonator demarcated: A - first torsion rod, B - sample disk, C' - second
torsion rod and D - ring segment. . . . ... ... Lo
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4.3

4.4

4.5

4.6

4.7

Mechanical modes and simulations of pluto design Optomechanically
measured thermal noise voltage spectrum of the five mechanical modes at
4.2 K, associated with FEM simulations of the mode-shapes colour coded by
their total displacements. The signal is optimized at the second resonance
corresponding to the torsional mode. . . . . . .. ... L

Low-temperature optomechanics (a) Tilted view of a SEM image of the
singly clamped optomechanical torque sensor, which oscillates by the yellow
arrow. A 10 pm diameter microdisk is evanescently coupled to a torsional
resoantor by a gap of 60 nm. (b) A FEM simulation of the dispersively coupled
optical fields. The scale bar is also 2 ym. . . . . . .. ... ... ... ...

Modified processflow for hybrid structures (a) Additional steps to
Fig. 3.3 have been taken to address hybrid structure to pattern aluminium
disk on the optomechanical torque sensor. Followed by a HF undercut, the
chip is submerged in acetone without drying. Placing the chip on a chuck, with
an acetone droplet intact, PMMAO950k-AS resist is supplied as the solvent
evaporates in air. After the solvent is fully replaced with the resist, spinning
and baking is performed to prepare for EBL. Post-alignment is performed to
create small windows for aluminium deposition. After e-beam evaporation,
a lift-off process in a stronger solvent (NMP) is made to ensure cleanliness
against the resist. Finally, a critical point drier is used to avoid stiction, pro-
ducing hybrid (b) bow-tie and (c) pluto devices with 45 nm Al thick disks.

Prototype of optomechanical studies for mesoscopic superconduc-
tivity (a) Tilted SEM image to demonstrate the optomechanical torque sens-
ing platform via integration of a single mesoscopic aluminium disk (1.2 pm
diameter, 45 nm thick) and a (b) zoomed image of the red box. . .. .. ..

Thermal expansions of various materials and our apparatus (a) Ther-
mal expansion coefficients of various materials as a function of temperature
from 0 to 300 K (from Ref. [98]). For the materials used in our experiment:
1) Invar and glass, 7) copper, and 10) aluminium. (b) An Invar fork holds the
dimpled-microfibre using low-temperature-compatible glue, Tra-bond, with
thermal expansion between 10) and 11). (c) The base of the apparatus and
the fibre-fork mount were all machined out of Invar to minimize thermal con-
tractions at low-temperatures (outlined in green). Since we have the endo-
scope, we can account for the contractions occurring at low-temperatures by
having a certain offset prior to cool-down. Hence, the tapered fibre is not vis-
ible in the (d) room temperature case, but through thermal contractions the
tapered fibre is clearly located using an endoscope at (e) low-temperatures.
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4.8

4.9

4.10

4.11

Thermal conduction (a) High purity copper braids are used throughout
the fridge, even for our chip, to provide thermal pathways to its cold-plate.
Between the three nanopositioning stages and the chip holder, three copper
braids are mounted to the mixing chamber. (b) Two chips are firmly mounted
on the holder, made out of gold-plated OFHC, to minimize thermal contact
resistance. The top chip is the SOI chip for torque sensors and the bottom
chip is a SiN chip for other project. (c) For the next generation of chips, not
used in this thesis, the chip is gold-patterned around the devices to produce
a better thermal conduction. . . . . . . .. ... Lo oL

Dimpled microfibre system in a dilution refrigerator (a) A schematic
of the optical fibre system. A long spool of fibre is thermally anchored to each
stage of the fridge, and aluminium tapes are used to secure it in place. The
dimpled tapered fibre mounted on a Invar fork is fusion spliced at the bottom
such that the connection between the laser and the photodiode is made. (b)
A photograph of the assembly of the chip and the dimpled microfibre, where
extra caution was made to reduce the overhang such that the fibre does not
touch the IVC, avoiding heatload from the IVC wall. (¢) Microscope images of
the dimpled tapered-fibre used for the experiment: the top image transmits a
red HeNe laser where scattered spots were observed near the tapered region.
The scale bar is 65 pm. (d) After mounting the fibre to the dilution apparatus,
the IVC is closed with an indium-seal. The transmission is monitored during
the cool-down process. There are some optical transmission losses during the
one-day period, but transmission remains constant after reaching a stabilized
temperature at 4.2 K. (e) An example of an endoscope image during the
coupling procedure. Here we see a red scattering on the fibre-rack, where it
is touched, due to a red diode laser. . . . . .. .. ... ... ...

Power dependence at 4.2 K Optomechanically measured thermal motion
of the nanomechanical torsional resonator in the presence of helium exchange
gas. As the optical power injected into the device in increased, the photon
shot noise is reduced and the measurement imprecision drops below that
corresponding the standard quantum limit. Power (number of photons) in the
optical resonator corresponds to orange 21 uW (0.2 x10'® photons/s), yellow
57 uW (0.5 x10'5 photons/s), blue 103 pW (0.8 x10'® photons/s). Zero-
point power spectra, calculated from measured device parameters, shown as
the green dashed line. . . . . . .. .. . Lo

Low duty-cycle measurement scheme When the device is thermalized
to the dilution refrigerator base-plate (17 mK) by copper braids, the heating
from a continuous laser (1605 nm) can be significant. To circumvent the resis-
tive heating from optical powers, we implemented a low-duty cycle measure-
ment scheme of 20 ms of data acquisition window followed by a 2 minute wait-
ing period using a voltage controlled variable optical attenuator (VCVOA).
At each equilibrated temperatures of the base plate using a PID controller,
we averaged 20 ms of data over an hour to get our mechanical spectrum.
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4.12 Data at mK temperatures (a) Power spectral densities of the torsional

5.1

5.2

resonance at bath temperatures of 100 mK (red), 50 mK (yellow) and 17 mK
(green) using low duty cycle measurements. (b) The integrated area under
the curve as a function of bath temperature for three trial runs. The coloured
data corresponds to the data in (a), where light and dark grey points are
two additional trials. With a low duty cycle measurement and heavy averag-
ing, only three data points can be obtained for each trial due to an existing
slow drift in the system. The minimum thermalized temperature is 25 mK.
(c) Calibrated angular displacement spectrum of the torsional mode at 4.2
K (brown), 100 mK (red), 50 mK (yellow), and 25 mK (green) with corre-
sponding zero-point fluctuations at the SQL (blue). (d) Calibrated torque
sensitivities corresponding to (c¢) where dashed lines are the resonant torque
sensitivity, with a record of 2.9 yNm/v/Hz at 25 mK, just over a factor of 10
above its fundamental quantum limit of 0.26 yNm/vHz. . . ... ... ...

Design of a hybrid iron-needle torque sensor (a) Scanning electron
microscope (SEM) image, tilted to 70 degrees, shows the optomechanical
torque sensor, integrated with a magnetized Fe-needle deposited near the
torsion-arm. The tri-layer of Cr, Fe, and Cr has a total thickness of 83 nm
(4.39 nm long and 410 nm wide) as seen in the (b) cross section. (c¢) Simulated
torsional mode at 7.2 MHz can be driven by out-of-plane magnetic fields as
a resulting torque along the torsion rod (y-axis). . . .. ... ... ... ...

Iron-needle fabrication (a) Beginning with a silicon-on-insulator chip with
device thickness of 250 nm, fabrication has two main e-beam lithography
steps. First e-beam lithography is used to pattern the optomechanical layout
as outlined in Fig. 1a using a positive ZEP520a e-beam resist and a 30 kV e-
beam lithography system (RAITH-150TWO). Following a plasma etch (ICP-
RIE), a second e-beam lithography process, with careful alignment, patterns
a PMMA bi-layer resist in order to make windows for metal deposition. An
e-gun evaporator was used to deposit series of Cr, Fe and Cr. The purpose
of the first Cr layer, 8 nm in thickness, is for adhesion, where the last Cr
layer, with equal thickness, is a capping layer to protect Fe from oxidation. A
careful deposition took place in a electron-gun evaporation system in a low
vacuum of 1.2x10~7 Torr. A permanent magnet is placed underneath the 5
mm X 10 mm chip during the deposition of Fe (99.9999%) to permanently
magnetize the iron. After a lift-off process in N-Methyl-2-pyrrolidone (NMP)
solvent, the chip is placed in a vapour HF system (MEMStar Vapour HF)
to etch the sacrificial layer (SiOs) - avoiding the problem of stiction and Fe-
etch. Note that this was a modified process over Ref. [85] to better handle
small gaps and achieve better alignment through the use of the VHF etcher.
Consequently, this improved method has full yield on all of the devices. (b)
A tilted view of the optomechanical structure is shown with scale bar of 2 pm.
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5.3

5.4

5.5

5.6

5.7

Iron deposition (a) A picture of inside of the e-beam evaporator, where the
sample is mounted on a rectangular cuboid permanent magnet. The chip is
oriented such that the film is magnetized along the needle design. (b) The
iron source on a copper crucible, heated via magnetically steered electron gun
to evaporate the material. (¢) The tri-layer of 83 nm Cr-Fe-Cr is deposited
on the chip, ready for a lift-off process. . . . . . .. ... ... ... .. ...

VHF system at nanofab (a) A photograph of the vapour HF etcher,
Memsstar Orbis Alpha, where the chip is placed inside the chamber to etch-
release the torsional structures without damaging the iron film. (b) An IR
detector monitors the by-product of the etched material (SiF4) where the
uniform etch-rate is performed throughout the 9000 s. Due to the small chip
used, the count-rate is low but discernible from start to finish. . . .. .. ..

Magnetic-needle apparatus (a) The schematic of the optomechanical trans-
duction and the feedback apparatus using the transmission lines. The phase
of the feedback signal is calibrated by the lock-in amplifier and is varied by
the length of the coax cable. (b) A photograph (left) and simulation (right) of
the out-of-pane magnetic field along the z-axis at the top surface of the device
chip, with 1 mA of applied current. The device position is indicated by the
black square, chosen for large field strength and relative field uniformity. (c) A
photograph inside the chamber depicts the contents inside the vacuum cham-
ber: the optomechanical chip, the PCB drive chip, and the dimpled tapered
fibre. . .

Magnetic actuation and sensing (a), Amplitude of the thermomechanical
(grey) and magnetically actuated (coloured) torsional resonance, with corre-
sponding phase of the driven traces. Colours in (a) correspond to the drive
magnetic field plotted in panel (b), which shows the relationship between
the peak mechanical signal amplitude (left axis) and calibrated torque (right

axis), versus the magnetic drive. The grey band represents the thermomechanically-

limited minimum field sensitivity of 0.12 A m~!, corresponding to a thermal
torque of 32 zNm. Inset, with the same axes, shows the deviation of the
continuously-measured peak response (purple) from the linear fit extrapolated
from low-field (dashed). Above 25 A m~! the optical resonance is shifted due
to heating from the drive chip. . . . . . . ... ... 0oL

Magnetic simulation Simulated magnetization (normalized to Ms) hystere-
sis with in-plane domain structure at circled points. At high fields the needle
is nearly saturated, with triangular domains at each end. As the field is low-
ered these domains move towards the centre, reducing the net magnetization.
For a uniform iron film (green trace) at zero field, the remanent magnetiza-
tion corresponds to 79% of the saturation moment. Adding polycrystalline
grains, as shown above the panel, increases the remanent magnetization to
85%, as seen in the purple trace. . . . . . . . .. ... .
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5.8

5.9

6.1

6.2

Magnetic feedback cooling and self-oscillations (a) The total dissipa-
tion, I'tot /27, as a function of phase in the feedback loop, shows excellent
agreement with a fit to Eqn. 5.2 (blue curve). The optical power is 4.1 uW at
the device. Error bars represent the standard deviation in the phase noise, as
measured by the Zurich lock-in amplifier. Maximum damping occurs at —m /2,
and self-oscillation occurs for measured phases greater than zero (brown). The
grey horizontal line shows the intrinsic dissipation, I'; /2w = 930 Hz, identical
to the total dissipation at ¢ = 0. (b) The same colour-coded data represent
in terms of calibrated displacement spectral densities, for ¢ < 0. . . . .. ..

Optimal feedback cooling and torque sensitivity (a) Increasing the
power in the optical cavity enables sensitive mechanical transduction, lower-
ing the imprecision noise floor to 25 fm/v/Hz (orange trace). The theoretical
minimum temperature achievable with this noise floor is 8.6 K, and with a
feedback phase of —7/2 and a feedback gain of 29 we find we are able to cool
to 11.6 K (blue trace). (b) The calibrated torque sensitivity before (orange)
and after (blue) feedback damping to a @, of just 260. Dashed traces corre-
spond to torque sensitivities in the absence of thermal noise, which is given
by the grey line. The device maintains a minimum torque sensitivity of 0.6
zNm/Hz, regardless of whether or not feedback is applied. . . .. ... ...

Optomechanical torque-mixing resonance spectroscopy (a) SEM im-
age of a 1.1 um diameter permalloy disk fabricated onto a silicon optomechan-
ical torsional resonator. (b) Tilted view of the same image with field directions
on the panel. The thickness of Py disk is 50 nm. (c) Schematic showing the
optomechanical detection and magnetic drive. Torsional motion is read out
through a dimpled-microfibre [89], which monitors an optical resonance of the
WGM microdisk. AC magnetic fields are applied via a printed circuit board
and driven using two signal generators synchronized to an external rubidium
clock. The data acquisition system (DAQ) records the optomechanical sig-
nal at the mechanical resonance frequency, also synchronized to the rubidium
clock. PD represents a photodiode and VOA a variable optical attenuator. (d)
A picture of the apparatus with the permanent magnet on top. After a suc-
cessful alignment of the dimpled-microfibre and a microdisk, the microscope
is removed and replaced with the magnet mount to keep the magnet field
direction strongly along the x-axis. Note that the field strength is calibrated
using a 3D hall probe prior to measurement. . . . .. .. ... ... ...

UHV Py evaporator (a) An inside picture of the UHV evaporator during
the pump-down, where the lamp is turned on to bake the deposition cham-
ber. After pumping the chamber with an ion pump for a few days, pressures
near 1071% Torr can be achieved in this system. (b) A photograph of the
top-view, where the chip and a glass sample is mounted on a holder. A colli-
mated deposition widow is enough to cover the whole chip and a portion of
a glass sample, where the thickness of the film can be characterized after the
deposition. . . . . . .. e e
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6.3

6.4

6.5

6.6

Al

TMRS data (a) An example of a typical optomechancial response with ther-
mal motion at room temperature. (b) The mechanical response as a function
of the swept drive frequency (HA2C) are shown, where the gyrotropic mode
is transduced as an amplification at the torsional frequency. Using this tech-
nique, any high frequency spin modes can be mapped to the torsional fre-
QUENICY.  « v v v e e e e e e e e e e

Spin resonances The spectrum of the spin-modes, corresponding to the
gyrotropic motion of a single magnetic vortex in a 0.85 ym diameter permalloy
disk, is shown at three diffrent UHF drive powers, 3, 5, and 7 dBm from top to
bottom. The same power was applied in both the x and z axes. At these levels,
the UHF drive fields do not alter the gyrotropic mode frequencies, revealing
the unadulterated behavior. High powers cause drifts in the optomechanical
read-out scheme by thermally shifting the optical resonance. . . . .. .. ..

Vortex pinning (a) Gyrotropic resonance (taken while sweeping from low
to high in-plane field) and direct torque measurements of the in-plane mag-
netization and susceptibility of a 1.1 pm diameter permalloy disk. The peaks
in the direct torque correspond to increases in the susceptibility, dm/0H.
Indicated by the dashed lines, these points of softer magnetization also cor-
respond to dips in the gyrotropic mode frequency, indicating that the vortex
experiences a lower restoring force to in-plane motion. Inset shows that at
certain applied fields, particularly apparent when the vortex experiences a
lower restoring force and gyrates at larger amplitude, multiple resonances
can be observed. Since the vortex motion is being driven by the UHF fields,
these resonances can be independently accessed as the drive frequencies are
swept, and correspond to the weak interaction of the vortex with multiple
defects. (b) Micromagnetic simulation showing qualitatively similar behavior
of the gyrotropic resonance by including 40 nm polycrystalline grains with
+10% variation in the saturation magnetization. . . . . ... .. .. .. ...

High frequency vortex pinning As a vortex traverses the permalloy disk
it encounter defects that act as pinning sites for the vortex. Here we show
a pinning site that drives the gyrotropic mode frequency above 1.1 GHz.
Pinning lasts over applied fields of 7 mT, demonstrating that such high-
frequency spin modes can be field-stable for other applications. . . . . . . . .

Entropy of a salt Entropy of a paramagnetic salt as a function of temper-
ature for various magnetic fields. The cooling cycle starts in A, a pre-cooled
configuration, and a isothermal magnetization occurs in B direction. A heat
switch is turned off for thermal isolation and the magnetic field is removed to
lower the temperature. This principle applies to nuclear spins as well (Taken
from Ref. [166]). . . . . . . . o
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A.2 Nuclear demagnetization stage (a) A schematic of the demagnatization
stage. Starting from the top, the dilution stage is connected to the oxygen-
free high thermal conductivity (OFHC) Cu stage by a superconducting heat
switch. The annealed OFHC copper provides the cooling power under a strong
magnetic field (9 T magnet). There is a second identical stage isolated by
another heat switch for an additional second experiment. (b) A design layout
of the demagnetization stage with a photograph of the current progress in (c). 127

B.1 X-ray diffraction data of AIN The XRD data, obtained from the ACSES
lab, shows the overall orientation (101) of the polycrystalline AIN film on
borofloat. Blue lines are the Gaussian fits where the parameters are listed in
table B.3 . . . . e 132

B.2 AIN optomechanical device A SEM image showing a partially etched AIN
device, where 42 seconds were processed to observe the etch profile without
etching through the e-beam resist. The scale bar is 1 pm and the black dot
on the microdisk is an artifact from SEM imaging. . . . . .. ... ... ... 133
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Nomenclature

Acronyms

BOE Buffered oxide etch. ... ... 26
CMOS Complimentary metal-oxide-semiconductor.......... ..., 25
CPD  Critical-point drier . ..... ...t e 26
EBL  Electron-beam lithography ........ ... 22
FEM Finite element method ...... ... i 10
FPC  Fibre polarization controller........... ..o i 40
FWHM Full-width-half-maximum ............ . e 13
HiM  Helium ion microSCOPE ... ....oinuii e 29
HSQ Hydrogen silSeSqUiOXane ... ........c.uouuinuintit it 29
ICP-RIE Inductively coupled plasma reactive-ion etch ................ ... ... ... ..... 33
TPA  Tsopropyl alcohol . ... ... 37
LIGO Laser interferometer gravitational-wave observatory.............. ... ... ... .. ... 14
MEMS Micro-electro-mechanical SyStems . ....... ..ot 25
MRFM Magnetic resoanance force microSCOPY . . ... ..vveuutenn e n i 4
NMP N-Methyl-2-pyrrolidone. .. ..o e 68
NOMS Nanooptomechanical systems. ..... ... 2
OBC Optomechanical back-action cooling ..............coiiiiiiiiiiiiiiiiiiinen. 55
OFHC Oxygen free high-purity copper........ ..o i 71
PCB  Printed-circuit-board . ........ ... 88
PD Photodiode. .. ... 97
PECVD Plasma-enhanced chemical vapour deposition................................ 130



PID  Proportional-integral-derivative......... ... .. o i i 74

PMMA Polymethylmethacrylate. ....... ... 26
PSD  Power spectral density....... ..o 12
Py Permalloy . . ..o 5
PZT Lead zirconate titanate......... ... ... i 130
RF Radio-frequency . ... ..o 20
RIE  Reactive-ion etch. ... ..o 33
SEM  Scanning electron microscope (micrograph).......... ... 30
SOI  Silicon-on-insulator. ... ... 1
SQL  Standard quantum lmit........ ... . . 15
TMP Turbo-molecular pump .. ... 71
TMRS Torque-mixing magnetic resonance SpeCtrOSCOPY -« .« uvvenreenn e e enennennn. 5
UHF  Ultra-high frequency ..... ..o e 97
UHV  Ultra-high-vacuum ... e 97
VCVOA Voltage-controlled variable optical attenuator............... ... ... ... ... .. ... 75
VHF  Vapour hydrofluoric acid ... e 25
WGM Whispering-gallery-mode . . ...t 7
DI HoO Deionized Water. ... ...ttt et e et 63
Symbols

Q@ Conversion factor from voltage to angular displacements........................ 12
Mmin ~ Minimum attainable average phonon occupancy ...............c.ooiiiiiina ... 56
X(©)  Generalized susceptibility. .. .....ooniuiii 12
X0, Xm Relative and magnetic susceptibility........ ... i i 19
én Measurement NOISE . . .... .ottt 18
N 3He circulation Tate . . ... .ovt et et 47
Qme  Cooling power from the mixing chamber........................................ 47
n Optical efficiency . ... ..o 56
T Mechanical dissipation rate............ .. i 11
K Torsion elastic constant........ ... i 9
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Keav  Optical 10SS In a Cavity ...ttt e 14

A Wavelength of Light .. ... 26
(02))  Mean-square angular diSplacement . ... ...........oiiiiiiiiiiiiiiiiiii 11
(en)  Mean total energy for each mechanical mode ................. ... ... 11
(n) Phonon occupation number. ... . ... . 17
(U) Equilibrium potential energy ... ... ... ... .o 12
|Tems] s [Prms| Root-mean-square thermal torque and angular displacement .............. 13
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- Chapter 1 -

INTRODUCTION

Nothing happens until something moves.
-Albert Einstein

§ 1.1 MOTIVATION

Nanomechanics, through calibrated measurements of torques and forces, is one of the ubig-
uitous tool that describes some of the fascinating physics around us. That is, most physi-
cal phenomena can be translated into a force or torque that deflect mechanical elements.
Through careful measurement of the deflection — properties of light, magnetism, and phases
of matter can be extracted [1]-[3]. Hence over the past 50 years, steady and rapid progress
have been made to detect increasingly sensitive mechanical resonators for studying funda-
mental physics and applications [4]-[8]. The challenge, often, is to acquire high sensitivity to
displacement while simultaneously miniaturizing the resonators through advanced fabrica-
tion techniques [9; 10]. While modern fabrication techniques allow pg to fg-scale mechanical
devices on silicon-on-insulator (SOI) chips the sensing sometimes requires complex micro-
electronic architecture for capacitive measurements [11; 12] or creating a small beam spot

size of ~1 pm for interferometric detection [13].

It has been proposed, and exciting recent work has started to reveal, that extremely small
strain sensitivities can be obtained through confinement of light inside two macroscopic
Fabry-Pérot cavities and observing the interference of the two arms — where gravitational
waves were first detected [14; 15]. Applying this principle to smaller on-chip devices, high

mechanical sensitivities, with noise floors as low as few fm/+/Hz, can be acquired with the use
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of various kinds of optical resonators such as microdisks, photonic crystals, and Fabry-Pérot
cavities [16]-[18]. A number of groups have quickly adapted on-chip nano-optomechanical
systems (NOMS) to a wide range of sensing applications from mass sensors to atomic force
microscopes [19; 20]. As measurements of forces and torques are no longer restrained by con-
ventional size-limitations, fundamental studies of nanoscale magnetism, gravity, and quan-

tum mechanics have begun using cavity optomechanics [21]-[25].

I too have grounded my research in the realm of cavity optomechanics to create a platform
for torque magnetometry using NOMS. I have successfully built an optomechanical torque
sensor with a near quantum-limited torque sensitivity at 25 mK, with torque sensitivities
surpassing even optical and magnetic tweezers capable of measuring the torsional properties
of single molecules [26]. T have also implemented hybrid systems with iron and permalloy to
extract their magnetic properties. Future prospects of mesocopic superconductivity studies
and persistent current measurements also seem very interesting inside a dilution refrigerator
[27; 28]. Although I did not manage to complete all the experiments that I had hoped for,
to detect superconducting vortices using optomechanical torque magnetometry — I am
most satisfied that this work may serve as a platform for future meoscopic experiments of
magnetism and superconductors at low temperatures. In short, the main objective of this
thesis is to convey the influence of on-chip cavity optomechanics to torque magnetometry

in terms of sensitivity and material adaptability.

§ 1.2 DEVELOPMENTS OF TORQUE MAGNETOMETRY

Magnetic properties of various materials have been an experimental playground for more
than a century — still yielding excellent results and progress using torque magnetometry.
The underlying principle behind torque magnetometry is the sensitive detection of torsional

mechanics due to magnetic torques (1) by,
7-:’]7‘;)(/10177 (11)

where m is the magentization of the sample, H is the driven magnetic field, and pg is the
permeability of free space. A torque is generated when a magnetized sample experiences
an applied field as seen in Fig. 1.1a. The mechanical element acts as a harmonic oscillator,
with natural frequency €2, and quality factor Qy,. The torque induces an angular deflection
of rotation 6, which modulates the reflection in an interferometric scheme, as an example
illustrated in Fig. 1.1b [29]. Hence, magnetic properties of the sample can be directly, and

non-invasively, measured through torque, where the main objective is to improve the sen-
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Figure 1.1: Basic operation of torque magnetometry (a) A sample of magnetic
material (dark grey) is placed on a torsion paddle (light grey). A torque, 7, is applied
when the sample is magnetized along z-axis, m, and driven with an out-of-plane
H field. (b) The torque then is measured through a focused laser on the torsion
paddle. The reflection from the paddle and the substrate creates an interference,
where the torsional motion modulates the phase between the two reflected surfaces.
The limitation, here, is the beam spot size of the laser, which should be smaller
than the paddle, on the order of ~ 1 um in diameter.

sitivity by means of nanofabrication and improved detection. For the remaining sections in
this chapter, I will introduce some applications of magnetic materials in conjunction with
modern detection schemes to effectively study these materials with torque magnetometry,

even by cavity optomecahnics.

1.2.1 Uses of magnetic materials

Ever since a pointed piece of a mineral called magnetite was identified to turn north and
south when supported on the surface of water, people have been drawn into this magnetic
phenomena to attain its properties. To date, this phenomena still continues to fascinate us
and we have learned how to creatively exploit magnetic properties. Since then, magnetism
has become a highly diversified discipline that has opened up new possibilities for scientific
and technological developments [30]. Novel magnetic applications emerge, roughly every
year, in their scientific advancements. Here, I will list some examples of magnetic materials

that T also incorporated in my research: iron, permalloy, and superconductors.

1.2.1.1 Permanent magnets

Permanent magnets remain magnetized despite the withdrawal of magnetizing field. Be-
cause of this property of retained magnetization after repeated use, they are widely used in
commercial goods, electric generators, and magnetic recording equipments [31]. One distin-

guishing feature of permanent magnets is in the so-called hysteresis loop, as seen in Fig. 1.2,
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Normalized Magnetization

Applied Field (kA/m)

Figure 1.2: Magnetic hysteresis loop A simulation of magnetic hysteresis loop
is shown for a ferromagnetic material. Remenant magnetization (M,) is indicated
by a star at zero field, coercivity (H.) is shown where the magnetizaton goes to
zero, and saturation magnetization (M;) is indicated at high field.

where the demagnetization curve reveals the magnetic history of a ferromagnetic material.
It is, therefore, useful to characterize quantities such as remanent magnetization (M, ), the
magnetization after removal of applied field, and coercivity (H,), the field necessary to bring

magnetization to zero.

Historically, carbon steel magnets were primarily used to make compass needles after the
discovery of ancient “magical” lodestone (Fe3Oy4). Steel magnets were soon improved by Co-
Pt-Fe alloys, where magnetic recording flourished, given their excellent remanence value and
low coercivity [32]. New developments in rare earth metal alloys such as SmCos, have allowed
their use in speakers, electric meters, microwave devices, and linear accelerators, to name a
few [33]. In research, they were widely used in nuclear magnetic resonance experiments [34],

and magnetic resonance force microscopy (MRFM) [11].

| Material | Fe | Co | Ni | Py | Fe;04 | NdoFeysB |
| M, (kA/m) | 1710 | 1440 | 488 [ 840 | 480 | 1280 |

Table 1.1: Bulk saturation magnetization of some ferromagnetic materials [31].

Hard magnets generally have high remanence and coercivity, which ranges anywhere from
10 kA/m to 1 MA/m subject to its geometry and the quality of the material [35]. For

example, a remanent magnetization (M;) can approach to its saturation magnetization
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(My), as summarized in Table 1.1, by large shape anisotropy and grain structure. In chapter
5, we will see that a nanoscale iron-needle was used to extract remnant magnetization
with excellent agreement to saturation magnetization supported by a simulation shown in
Fig. 1.2.

1.2.1.2 Silicon-iron alloys

Silicon-iron alloys are employed in motors, generators, and power transformers. Silicon steel
is made by a rigid control of furnace condition to anneal 3~5% of silicon into steel. These
materials possess low coercivity, He, or display low hysteresis losses [36]. Improvements in
high permeability, or low H., were made by making these materials thinner [37]. Since the
inclusion of silicon into iron makes the magnet softer, it is possible to study the effects of
coercivity as a function of alloy thickness, annealing temperature, and silicon content to

improve efficiency.

1.2.1.3 Permalloy

Permalloy (Py), a nickel-iron alloy, has low coercivity and lower remanence being a soft
magnet (change in magnetization with small fields). The “traditional” Py, consisting of
20% Fe and 80% Ni, has near-zero magnetostriction (minimal deformities in the process
of magnetization) and high corrosion resistance [35]. The compounds of Fe and Ni were
varied for improving selective features where NiysFes; became the new standard in thin film
recording industry [32]. In chapter 6, I use the traditional permalloy NiggFesg to access high
permeability for torque-mixing magnetic resonance spectroscopy (TMRS) , where I studied

spin modes of ~1 um diameter Py disk.

1.2.2 Historical examples of torsional mechanics

Measurements of mechanical torques played an important role in both fundamental and ex-
perimental physics throughout history. Coulomb and Cavendish, in the 18th century, both
used a torsion balance to measure electrostatic force and gravity, respectively [38; 39]. As
modern physics flourished in the 20th century, the relationship between magnetism and
angular momentum was explored, which lead to the discoveries in 1915 of Barnett and
FEinstein de-Haas effect, where changes in the magnetization induced mechanical rotation
and wvice versa [40; 41]. The field of magnetism has progressed immensely, where exploring
fundamental interactions in magnetism lead to practical applications. For example, giant
magnetoresistance effect, which studies nanoscale effects of ferromagnetic multilayers, re-

sulted in wide applications such as hard disks, magnetic memories, and sensors [42; 43].
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As current research interests are pushing the limits to make smaller, faster, and more
efficient devices — studies of magnetism are now geared toward micrometre and nanometre
scale systems [44]. This rapid growth was possible through modern fabrication techniques,
measurement schemes, and powerful simulations. As an example, a nanomechanical elec-
trometer was studied using a double torsional oscillator that can be driven and detected
using a magnetomotive technique [45]. A small change in the charge alter the magnetomo-
tive force around the loop on the torsion paddle, inducing a change in resonant frequency
by the change in effective torsional spring constant. A thermally-limited charge sensitivity,
\/Si = 0.1 e/v/Hz, was achieved above 500 Hz allowing a detection of single electron charge
using this device. Another visionary example was the MRFM, where a magnetic tip of a
cantilever was scanned across the sample to detect unpaired electron spin in a silicon dioxide

sample with spatial resolution of 25 nm [11].

One system in particular, torque magnetometry is especially persuasive for fundamental
studies of magnetism in the fact that mechanical resonators can directly measure torque via
the net magnetization of individual magnetic elements. Historically torsional oscillators were
measured through the naked eye and a ruler, as in the Coulomb and Cavendish experiments,
but modern techniques allowed sensitive detection on smaller displacements using lasers
(e.g., interferometer) [29]. These microscale sensitive torsional oscillators have opened the
door for non-invasive studies of dynamical effects, such as AC susceptibility [46], magnetic

resonance [2], and Barkhausen steps in magnetic hysteresis [47].

However, laser interferometry as a readout technique reported torque sensitivities of 10719
Nm/v/Hz [29]. The low-finesse Fabry-Pérot cavity formed between the nanomechanical res-
onator and the substrate underneath provide only a weak enhancement. The limitation also
occurs from beam spot size, where the mechanical device has to be comparable or larger to
the laser focus diameter. In addition, laser drift and heating limits the torque sensitivity.

Hence, a migration to a more sensitive readout scheme is essential.

A recent implementation of an integrated optical cavity to localize light to sub-wavelength
volume in optomechanical devices has enhanced the coupling between optics (photons) and
mechanics (phonons) to exceptional levels [48]. Harnessing this optomechanical interaction
has practical advantages over free-space interferometry techniques: first, the size of the
resonator is not limited by the beam-spot size of the focused laser, and second the photons in
an optical cavity can be made efficient by the use of dimpled microfibres where the interaction
of the optical and mechanical componenents can be made large. As a consequence, cavity

optomechanics opens up new avenues to explore interesting mesoscopic magnetism [22; 21].
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1.2.3 Recent examples of cavity optomechanics and magnetism

The earliest implementation of on-chip cavity optomechanics and magnetism commenced
with a magnetometer built with Terfenol-D placed in the middle of a micro-toroid resonator
[49]. While the light is confined in a whispering-gallery-mode (WGM), an optical pathlength
changes as the magnetostrictive material expands and contracts due to an external field.
As a high performance magnetometer, this cavity optomechanical system reported a peak
magnetic field sensitivity of 400 n'T/v/Hz [49)].

Instead of a breathing mode from a toroid resonator, a torsional resonator might be more
advantageous for dynamical magnetism studies if the torque from an applied field can be
measured sensitively. For the first time, using an on-chip optomechanical torque sensor, I
reported a torque sensitivity of 40 zNm/v/Hz off-mechanical resonance (0.8 zNm/v/Hz at
the mechanical resonance) [48]. Since then, other experiments were proposed to improve
the torque sensitivity. For example, a levitated torsional oscillator shows a 10722 Nm/ VHz
torque sensitivity for the purpose of studying gravity, modelled after the Cavendish ex-
periment [23]. An interesting hybrid system of birefringent material with photonic crystal
measured angular momentum of light [1]. Our collaborators have also pursued hybrid sys-
tems of permalloy and photonic crystals to study Barkhausen noise at ambient pressures
[22].

Since my initial results of 0.8 zNm/ VHz torque sensitivity, I have used our optomechanics-
compatible dilution refrigerator to further minimize the thermal noise in the system, which
directly improved our on-chip torque sensitivity down to 2.9 yNm/ VHz at 25 mK. In addi-
tion, I have implemented magnetic materials to test its platform as a torque magnetometer
to detect magnetic fields and study magnetic properties of the sample at room temperature.
The magnetic materials chosen for this study follows the historical development of hard and

soft magnets.

§ 1.3 THESIS OUTLINE

This thesis is organized in chronological order. Chapter 2 lays down the foundation of
optomechanical torque sensing and magnetism. We will then move on to the design, fabri-
cation, and apparatus common to all three experiments in chapter 3. Chapters 4, 5 and 6
goes in depth on each experiment. The first discusses all the work pertaining to achieving
the record-breaking torque sensitivity of 2.9 yNm/ vHz. The second discusses the first im-

plementation of torque magnetometry to iron-needles, where we extracted some magnetic
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properties and demonstrated feedback damping. We verified experimentally that only pas-
sive cooling enhances the torque sensitivity. Lastly, we have demonstrated TMRS using a
soft magnet, Py, for the first time using optomechanics. Following the theme of this project,
I include prospects of other materials that can be used with cavity optomechanical torque

sensors using a dilution refrigerator, specifically superconductors.
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BACKGROUND

If you want to find the secrets of the universe, think in terms of energy, frequency and

vibration.
- Nikolai Tesla

This chapter is designed to provide general background and analytical tools of optomechan-
ical torque sensors. It will cover basics of thermomechanical calibration leading up to torque
sensitivity, followed by the transduction scheme of optomechanics, and some concepts of
magnetism. Most of the discussions will remain in the classical regime, except at low tem-
peratures — where the uncertainty principle and zero-point motion plays an important role

to describe the standard quantum limit of torque sensing.

§ 2.1 IDEAL TORSIONAL HARMONIC OSCILLATOR

Consider a simple torsion paddle as laid out in Fig 2.1a; the restoring torque (7) when the
paddle is twisted by an angle 0 is,
T = —kb, (2.1)

where x is the torsion elastic constant in units of N-m and 6 is the angular displacement
in radians. If the moment of inertia around the rotation axis is I (kg:m?), Newton’s second
law gives the angular vibration as,

16 + k6 = 0. (2.2)
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Figure 2.1: Model of a simple paddle (a) A torsion paddle with width, w, height,
h, length, I, and thickness ¢. (b) An example scanning electron microscope (SEM)
shows of optomechanically transduced torsion paddle used in Ref. [48]. The scale
bar is 1.5 ym

Note that this is an ideal case without any dissipation, where the solution to the differential

equation gives the natural radial frequency of the torsional mode as

Q= 27 frn = \/§ (2.3)

Here, the moment of inertia, I, is defined as

I= /p(’r)erV7 (2.4)

where 7 is the displacement vector perpendicular to the rotation axis and p(r) is the material
density. For a simple geometry shown in Fig. 2.1a, the moment of inertia is I = 1—12mw2 and

the analytical expression of a torsion spring constant is approximated by [50],

_28ut? (

1 b
== (30 -063) ) (2.5)

3 w

where S is the shear modulus (Pa). Using the geometry in Fig. 2.1b, and the properties of
silicon [51], S = 80 GPa and p = 2330 kg/m?, the natural radial frequency is fn, ~ 8 MHz
which is on the order of the experiment (f, = 9.0 MHz) [48]. A mild difference in frequency
comes from the shape and asymmetry of the torsion paddle designed by the curvature of the
microdisk as seen in Fig. 2.1b [48]. For more complex oscillator shapes, which we will see in
later sections, the analytical expression of the torsion spring constant and the moment of
inertia can be difficult to obtain; however, a numerical finite element method (FEM) using

COMSOL can acquire natural frequencies of any torsional structure at ease.
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Now, we take the dissipation (I') into an account in Eqn. 2.2 such that,
16+ IT6 + k6 = 0. (2.6)

Solving this differential equation results in a lower resonant frequency (€4) scaled by the
quality factor defined by Qum = O /T,

However, we will consider high Q,, systems (or low dissipation) such that, Q4 ~ Q.

§ 2.2 THERMOMECHANICAL CALIBRATION

Regardless of the origin of the dissipation, fluctuation-dissipation theorem states that it acts
to thermalize the motion of the resonator [52]. In the presence of finite dissipation, without

any driving force, the mean total energy (e,) for each mode n of the resonator is given by
(en) = kBT, (2.8)

where T is the physical temperature of the resonator. More precisely, the two degrees of
freedom of the mode displacement, amplitude (potential) and velocity (kinetic), have en-
ergies of %k;BT each by the equipartition theorem. This is the working principle behind
a thermomechanical calibration, where a certain mechanical amplitude corresponds to its

environment temperature.

First, we characterize the mean-square angular displacement ({6 )) due to thermal exci-

tation by the spectral noise density, Sy,

(0) = 5= / " Sa(@)de (2.9)

The thermal density term can be further described by,
Se(Q) = [x()]*S-(2), (2.10)

where x () is the generalized susceptibility, or the response function, of the torsional oscilla-

tor. To find x(£2), we add a thermal noise term to the damped harmonic oscillator equation
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(Eqn. 2.6) such that,

(t) + % () + Q2 0(t) =

This equation is also known as the Langevin equation, where it was originally used to

Tth(t) )
I

(2.11)

describe the Brownian motion (random motion) of a particle in a viscous fluid [53]. This
equation is also valid for a single mechanical resonance interacting with the thermal environ-

ment. Applying a Fourier transform to Eqn. 2.11, we obtain the generalized susceptibility,

1
X(Q) = I(QIQH — 02 — ZQQm/Qm) .

(2.12)

Solving the integration in Eqn. 2.9, assuming that S, (Q) = St is a thermal white noise,
gives
(05,() = St Qun /4925, 1. (2.13)

The equipartition theorem, in Eqn. 2.8, relates the equilibrium potential energy (U) to
1/2kpT,
1 1
(U) = ST, (1) = kT, (2.14)

Substituting the results from Eqn. 2.13 to 2.14 gives the thermal white noise as S, =
4kpT Q1 /Qm, which allows the expression for the torsional angular displacement power
spectral density (PSD) as

4kpT Yy,

Se() = IQm[(92? — Q2) + (20m/Qm)?]

(2.15)

However, in addition to thermal vibrations of the torsional oscillator, there is also noise
added to the measurement apparatus. This is generally treated as white imprecision noise,

Si}n P where a typical measurement takes on the form,
STP(Q) = S + aSe(Q), (2.16)

where Sy is the voltage PSD from measurements, and « is the conversion factor from voltage
to angular displacement in units of V> /02. After obtaining the experimental PSD, we fit to

the function,
Bfi

Qm[(f2 - fl’%l)Q + (ffm/Qm)z] ’

where ST™P_ f . Qu, and B are the four fit-parameters. Note that the frequency is expressed

SEP(f) = Sy + (2.17)

in f = Q/27 for convenience. From the fit parameters, we can acquire two important
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quantities, angular displacement noise-floor,

N im imp kBT
\/ S8t =1/SyP Ja = SVP%,)IB, (2.18)

and torque sensitivity,

VS(Q) = | 4kpTTI + Ingg;IQ (2.19)

For a thermally resolved amplitude, which is generally true for a cavity optomechanical

detection, Eqn. 2.19 can be reduced to,

VS (Qum) ~ \/4kpTT1, (2.20)

at mechanical resonance. Note that the decay rate, I', is defined as the full-width-half-

maximum (FWHM) of the mechanical resonance .

To compare sensitivities with other literature values, it is often convenient to use displace-
ments in meters and forces in Newtons. By the small angle approximation, 6 ~ z/(w/2),

the following expressions are valid as a conversion between linear and angular terms,

S:(f) = %So(f)» (2.21)
and A
Sr(f) = —35:(f), (2.22)

where w is the width of the torsion paddle.

In addition to torque sensitivity, a thermal root-mean-square torque (|7yms(2m)|) can also

be found at the mechanical resonance by

|Tems (m)| = , (2.23)

where a root-mean-square angular displacement is

_ [ksT
|0rms ()| = 02 (2.24)

obtained from Eqn. 2.14. Further substitution of |x(Q,)| = ﬁ gives the thermal torque

|Trms| =T V kBTI (225)

acting on the oscillator,



CHAPTER 2. BACKGROUND 14

§ 2.3 CONCEPT OF OPTOMECHANICAL TRANSDUCTION

It is often customary to begin the discussion of optomechanics with a Fabry-Pérot cavity
where tiny vibrations of the mirror are magnified by the quality factor, or the finesse, of
the optical resonator. The monumental example of interferometry at laser interferometer
gravitational-wave observatory (LIGO) has 4 km long Fabry-Pérot cavities on both arms to
extend the optical path length to 280 times, or 1120 km long, before they are merged together
again. This is particularly important to conceive vibrations on the order of 10720 m/ VHz,
thousands of times smaller than a size of a proton [14]. The cavity-enhanced detection of this
interferometer has lead to the experimental discovery of gravitational waves of two merging
black holes [15], where more gravitational wave detectors are now being built around the
world for astronomy applications. In improving the sensitivity, both the quality factor (Q.)
of the mirror and the input laser power (Pop) played an important role. This platform,

called cavity optomechanics, comes in all shapes and sizes depending on the application.

The principle of cavity optomechanics, as the name suggests, is a general system comprised
of an optical cavity dispersively coupled to a mechanical oscillator. Here, I used optical disks,
where the light is confined along the perimeter in WGM by total internal reflection, coupled
to torsional resonators. While tuned-to-slope, indicated by the wavelength at the dashed

line in Fig. 2.2¢, the vibrations of the paddle shifts the resonance by,

C'L)Cav(z() + Z) = Wcav(zo) + Gz (226)
o 8wcav(20)
G = Heml20), (2.27)

where weay(20) is the optical cavity resonance, zp is the equilibrium cavity length, z is the
displacement of the mirror, and G is the optomechanical coupling coefficient, defined as the
optical resonance frequency shift per unit displacement. Hence, the dynamics of the paddle
(Qm,T) is encoded in the oscillating AC part of the optical transmission, enhanced by G and
optical quality factor Q¢ay. It is important to note that I used a dimpled microfibre that sup-
ports low-loss telecom wavelengths (1550 nm), as illustrated in Fig. 2.2a, and is evanescently
coupled to a particular mode of the disk, shown in Fig. 2.2b. The fibre coupling apparatus is
more efficient than the Bragg-gratings couplers typically used for on-chip photonic devices

[17]. The procedure for making such a fibre is highlighted in the next chapter.
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Figure 2.2: Optomechanical transduction (a) A rendition of a microdisk optome-
chanical system, where the torsion paddle is evanescently coupled to a microdisk
by a small gap — allowing transduction of the mechanical motion through changes
to a coupled optical resonance. Here, an optical dimpled tapered microfibre is used
to inject photons to the microdisk, creating an optical mode shown in a (b) A
FEM simulation of the optical mode with frequency (weay) and optical loss (Keay)-
Coupled to the microdisk is the mechanical frequency (,) and the mechanical
dissipation (T'). (c) As the laser is tuned-to-slope (dashed line) the time oscillating
signal follows the mechanical motion as the optical resonance detunes to red and
blue. (d) Analyzing the Fourier components to the time-oscillating signal, we can
decompose the mechanical modes in a power spectral density.

§ 2.4 OPTOMECHANICS AT CRYOGENIC TEMPERATURES

Until now, we have discussed the thermal limit in mechanical sensors, where the thermo-
mechanical calibration was possible through the equipartition theorem. Although the cal-
ibration method still holds true for all finite temperatures, we have to account for a new
limit called, the standard quantum limit (SQL) at very low temperatures (kgT ~ hQy,).
Here the SQL is based on the Heisenberg limit, where a precise measurement of a harmonic
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Figure 2.3: Ideal displacement spectral density The total displacement spec-
tral density for T = 0 temperature (red) has three contributions: the zero-point
fluctuation of the oscillator (S2Pf), the imprecision given by the shot-noise limit
(Simp) “and the back action due to quantum fluctuation of the measurement signal
acting back on the oscillator (SP). At very low temperature there is also a thermal
contribution. The SQL is at the crossover of Siyp and Spa, where Psqr, is minmi-
mum. The main graph shows the contribution to S, as a function of power and the
sub-figures show the spectrum at three different locations of P/PSQt < 1, p/PSQL
=1, P/P5QL > 1 (image taken from Ref. [54]).

oscillator and the back-action (measurement signal acting on the mechanics) are compli-
mented by A2y, /2 [55]. The technical details of cryogenic operations and further discussions

of quantum-limited sensing will be reserved for chapters 3 and 4.

2.4.1 Displacement spectral density

We first dissect the mechanical spectrum in three parts, as seen in Fig. 2.3 (note that S, and
Sy are used interchangebly): the imprecision spectral density, S;mp, the thermal noise, S5,
and the back-action, Sp?. The first part is typically a white noise from the detector, whereas

the latter two parts are lorentzian peaks around the mechanical frequency. Nanomechanical
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resonators typically operate in a regime where the thermal noise dominates, where the
imprecision noise and back-action are negligible. At T' = 0, the imprecision background and

back-action can be expressed as a function of input power by [56],

; St (Psqr P
Simp 4 gha — 20 (259 2.28
0 + Op ) P + PSQL ) ( )
where Psqr, is the power to reach the SQL for ideal lossless cavity optomechanical system.
As we see in Fig. 2.3, the total added noise has a minimum at the crossover P = Pgsqr,, where
the standard quantum limit is defined. At this crossover, the mechanical spectrum has the
zero-point fluctuations (Sgpf) [57] and Heisenberg-limited quantum noises (back-action and

imprecision).

2.4.2 Standard quantum limit of torque sensing

The quantum-limited expression for torque, is similar to the displacement case where each
quanta of imprecision and back-action adds up to the minimum resolved torque (nimp =
Npa = 1/4):

S, =4hQTI((n) + 1), (2.29)

where (n) is the phonon occupation number. In the ideal case of T' = (n) = 0, the standard
quantum limit is defined as S; = 4hQI'I. Further discussion about quantum-limited torque

sensitivity will be explained in section 4.1.1.

2.4.3 Optomechanics at low temperatures

Fortunately, optomechanical devices are adaptable in cryogenic temperatures, where ther-
mal vibrations, even at mK temperatures, can be transduced without an external drive.
Consequently many efforts in the optomechanics community have been driven around inves-
tigating quantum mechanical behaviour of mesoscopic mechanical objects. Many sensitive,
and interesting systems have been prepared in, or very close to, its mechanical ground state
by active and passive cooling [58; 59]. These are promising platforms to study the crossover
from classical to quantum systems [24]. In this thesis, an alternative effort to study other

quantum systems are reported using our best on-chip torque sensor to-date.
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§ 2.5 TORQUE ACTUATION AND FEEDBACK DAMPING

The first example of a parametric amplifier was developed by an electrostatic force applied
through a pair of capacitor plates between a silicon cantilever and the substrate [60]. A
similar system of torsional oscillators used capacitor plates to drive a flexural force, but
small asymmetries in the paddle permitted torque as well, yielding good sensitivity [61].
These torsional devices were carefully engineered by two interdigitated capacitors, where
the torque was applied by applying an out-of-plane force at some distance about the rod
and a downward force to the opposite side [62]. The purpose of the complex design was to

supply a pure torque and not a net force upwards.

Another method for applying torque to torsional resonators is using magnetized magnetic
materials under a alternating field. Utilizing this torque in a feedback loop, an active cooling
can occur — where the output signal is fed directly to the drive field to actuate or damp the
torsional mode depending on its phase. Here we include a feedback term in the Langevin

equation (Eqn. 2.11) in addition to the thermal force (7iy),

Tth

0+T60+ 0% = - gL T2 (0 +6,), (2.30)

where gg, is the feedback gain, 6,, is the measurement noise, and ¢ is the phase difference
between the drive and the displacement. Details on further analysis is done in section 5.4.2,
where we actively damped the torsional mode down to a cryogenic level. Unfortunately active
cooling does not help in reducing the torque sensitivity, as the dissipation rate increases by

the same rate as temperature decreases.

§ 2.6 TORQUE MIXING MAGNETIC RESONANCE SPECTROSCOPY

A hybrid system, where a magnetic material is embedded on a torque sensor, not only
manipulates the motion of the oscillator but also can be used to extract the magnetic
properties. More specifically we can infer saturation magnetization of the material or study

magnetic spin modes.

2.6.1 Types of magnetism

The origin of magnetism comes from electrons in a material having magnetic moment due

to their orbital and spin angular momentum. Most materials, however, are nonmagnetic
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because individual magnetic moments are oriented randomly. In contrast, there are materials
with magnetic dipoles aligned in such a way that the net magnetic moment is non-zero,
which can be classified in two large categories: ferromagnetism and paramagnetism. Many
branches exists under these types [31], however we restrict our discussion in two extreme

cases of diamagnetism and ferromagnetism.

To determine whether a material is magnetic or not, we need at least one quantity that
can describe the material’s magnetic behaviour under an applied field. The quantity, termed
magnetic susceptibility x,, characterizes the magnetic response of a material through the
relationship,

M =y, H, (2.31)

where M is the magnetization, also known as magnetic moment per unit volume and
H is the applied magnetic field. Depending on the values of susceptibilities and the re-
lationship of M and H, classification of magnetic materials can be established such as
diamagentism, paramagnetism, antiferromagentism, ferrimagnetism, and ferromagnetism in
increasing magnitude. As an example of diamagnetism, values of relative susceptibility is

X0 = Xm/ Mo ~ —10 in contrast to xo ~ 10° for ferromagnetism.

2.6.1.1 Diamagnetism

Most nonmetals and many metals are diamagnetic, which is a weak form of magnetism —
attributed from the orbital motion of electrons that create magnetic moments. However, an
induced flux from an applied magnetic field opposes the change in the external field so that
diamagnetic materials show an antiparallel magnetization, according to Lenz’s law. Although
diamagnetism may seem dull to study, two interesting points may be investigated. If only a
few magnetic atoms exist in the material, their influence may be enough to overshadow its
diamagnetism, so that nonmagnetic atoms become spin-polarized by neighbouring magnetic
atoms. This is explored nowadays in spintronic devices [63]. Another example is supercon-
ducting materials, where they become a perfect diamagnet below the transition temperature.
I am particularly interested in superconductors to study the dynamics of vortices created

from high magnetic fields and mesoscopic properties [64; 65].

2.6.1.2 Ferromagnetism

Historically, ferromagnetic materials were the ones considered ‘magnetic’ from their early
discovery. Ferromagnetic materials are highly permeable, depending on the field strength

and on the previous magnetic history, or hysteresis loop, mentioned previously. Ferromagnets
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contain spontaneously magnetized magnetic domains, whose magnetized small region of
atoms with magnetic moments will tend to align parallel to each other. The domains exists
because the domain structure will strive to remain stable, or minimize energy, therefore,
molding until it finds this stability point. Typically the exchange interaction between the
domains are strong for ferromagnets, and remains magnetized against thermal agitations.
However at high temperatures the spontaneous magnetization disappears above a certain
temperature called the Curie temperature, when they become paramagnetic. In this thesis,

all experiments were performed below the Curie temperature.

2.6.2 Torque mixing magnetic resonance spectroscopy

Torque mixing magnetic resonance spectroscopy (TMRS) is a new technique, using torque
magnetometry, to probe spin modes of magnetic materials. Rather than direct observation
of spin resonance using radio-frequency (RF) absorption, a torque-mixing of two frequencies
are used to torque at the mechanical frequency of the oscillator [66]. Starting from the torque
expression from magnetization and applied field, as in Eqn. 1.1, an explicit torque can be
written as,

7y = VX Ho (f2) X o H- (1), (2.32)

where V' is the volume of the material. The two fields, transverse (H,) and out-of-plane
(H.), are chosen such that the difference in frequency is the mechanical frequency of the
oscillator (f, — f. = fm). Hence the torque mixing occurs when the magnetic spin-modes are
down-mixed to the actuated mechanical resonance of the torsional oscillator in a simplified

form,
,u()VH H
Ty(fm) = %er (2.33)
The motivation behind obtaining the best possible torque sensitivity is to use the TMRS
to study various materials, even superconductors. This method is simple, non-invasive, and

elegant such that fundamental studies of physics and applications can happen.

2.6.3 Microwave to optical frequency converter

One of the many application of quantum computation is to transmit microwave signals
converted to long-ranged telecom signals through optical fibres. One approach built an
optomechanical bi-directional converter using a flexible silicon nitride membrane coupled to
both a microwave circuit and a Fabry-Pérot optical cavity [67]. Rather than using microwave
circuits, spin-modes of a soft magnet in GHz range may be used for such coherent conversion
since a hybrid system links optical frequencies to microwave frequencies by its mechanical

frequency.



- Chapter 3 -

DEVICE DESIGN, NANOFABRICATION, AND
CHARACTERIZATION

God is in the details.
- Ludwig Mies van der Rohe

In this chapter we turn from a theoretical summary of mechanics to a description of detailed
experimental procedures, to expound on nanofabrication techniques and the operating prin-
ciples behind a dilution refrigerator that produced the best NOMS torque sensor to date
[68].

§ 3.1 DEVICE DESIGN

To strike a balance between the optomechanical coupling coefficient and the moment-of-
inertia, a singly clamped torsional geometry, labelled “pluto” devices, have been thoroughly
investigated — where the Qu,, I, and G were superior over the initial structure in Ref. [48].
This chapter contains my early work, where emphasis will be given to design principles of
minimizing torque sensitivity using cavity optomechanics. I will also include other examples
of cavity-optomechanical torque sensors to directly compare with my design, to highlight

some advantages and disadvantages of each system.

3.1.1 Design principles

A prerequisite to torque sensitivity expression in Eqn. 2.20 is a thermally resolved signal,

which requires high optomechanical coupling coefficient (G), or a large optical resonance shift

21
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per mechanical displacement. From the first report on cavity optomechanical torque sensor
in Ref. [48], I have demonstrated G = 82 MHz/nm for the best device, out of nine geometries
tested. To have a large GG, the overlap between the optical fields and the displacement fields
have to be large, i.e. small gaps between the two resonators and smaller optical mode volume.
Utilizing a powerful fabrication tool called electron-beam lithography (EBL), we can obtain

smaller and smoother features than the foundry-based fabrication.

Revisiting the simplified expression in Eqn. 2.20, the torque sensitivity does not improve
based on its transduction scheme as long as the thermomechanical signal is sufficiently large.
Hence, only marginal improvements were made to torque sensitivity from 0.8 zNm/ VvHz to
0.5 zNm/v/Hz based on the trimmed torsional arm to reduce the moment of inertia. Al-
though it may seem that the improved optomechanical coupling would provide no advan-
tage to torque sensitivity at the mechanical resonance, the frequency band increases over
the maximum sensitivity proportional to a large G. Hence a cavity optomecahcnial sensor
with high bandwidth and high force sensitivity have been demonstrated [69]. To improve my
torsion design, a large GG is achieved by extending its arc along the microdisk’s perimeter
while having a small I. The final design, named “pluto”, will be shown in Sec. 3.1.3. In
addition to the large bandwidth measurement, a large signal-to-noise ratio helps sensing at
low temperatures as the amplitude scales down linearly with temperature. Further results

and discussion will follow in in chapter 4.

3.1.2 Other examples

Substantial efforts have been made over many years in the nano- and micro-electromechanics
communities to improve the measurement precision and thereby reach the thermomechanical
noise dominated regime, and to reduce the noise floor in this regime by decreasing I" and
I [71]. Harnessing the power of optomechanics to miniaturized on-chip devices, there are a
host of other systems, ranging from optical toroids to photonic crystals and from cantilever
motion to high-frequency breathing modes that are coupled in the G ~ GHz/nm range [57]-
[74]. Narrowing the subject to magnetometry, the first demonstration of an optomechanical
magnetometer showed 400 nT /v/Hz field sensitivity [49], where the field sensitivity improved
to 0.2 nT/+v/Hz [75]. Other examples of optomechanical torque sensors were employed to
study angular momentum of light, micro-gravity, and magnetism [1; 23; 49]. For the first
example in Fig. 3.1a, a racetrack resonator was used where the torsion paddle is inserted
along the path. Birefringent material is deposited along the torsion paddle where the angular
momentum of photons apply torque in the paddle, modelled after the original experiment
in Ref. [76]. The second example is the extreme case of paired levitated spheres to study the

torque along the polarized direction. This system is a modern example of torsion pendulum
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Figure 3.1: Other examples of optomechanical torque sensors (a) A racetrack
resonator optomechanically detects torque on the nanobeam such that the photon
spin angular momentum can be studied (taken from Ref. [1]). (b) A set of paired
silica nanodumbells is levitated optically to minimize the moment of inertia to the
extreme, where the reported torque sensitivity is on the order of 10722 Nm/v/Hz.
Optimizing the parameters of the nanodumbells and the optical trap, the proposed
torque sensitivity can be enhanced down to 10727 Nm/+/Hz (taken from Ref. [23]).
(c¢) A work from our collaborator demonstrates a comparable torque sensitivity near
0.8 zNm/ vHz at ambient pressure, where the device is based on a photonic crystal
design (taken from Ref. [70]).

designed to study the gravity between two objects. This system, when 10727 Nm/ VvHz
sensitivity is accessible, could study gravity in mesoscale [23]. The last example in Fig. 3.1c
is similar to the device I integrated but using photonic crystals instead of microdisks. A
complete overlap of optical and mechanical resonators allow a very sensitive detection, even
at ambient pressures and room temperatures. However, my design may be advantageous for
low temperature applications, where the two entities are separated by a small gap that aids

in thermalization without much optical heating.

3.1.3 Evolution of designs

Since the first demonstration of an optomechanical torque sensor [48], which took root from
the design in Fig. 3.2a, I immediately worked on the next generation of optomechanical
torque sensors using e-beam lithography. The e-beam lithography allows smaller gaps to
be formed between the optical and the mechanical resonators on the order of ~50 nm. Ex-
amples of bow-tie, hatchet, ring-resonator, and pluto devices gave improvements of torque
sensitivity while increasing the optomechanical coupling coefficient (G), summarized in ta-
ble 3.1. While working on the low temperature apparatus to minimize the temperature, the
optimization process of nanofabrication continued. In the next few sections, I will highlight

some nanofabrication techniques developed during this period.
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Figure 3.2: Family of on-chip optomechanical torque sensors (a) An SEM of
the root experiment with a triple paddle simulation on the bottom. Torque mag-
netometry on a Py disk in the middle was studied using an interferometric detec-
tion. (b) My first inception of a cavity optomechanical structure, demonstrating
0.8 zZNm/v/Hz at the torsional resonance. (c¢) The next attempt, named “bow-tie”
involved in trimming the mass on a paddle to reduce the moment of inertia, while
keeping the coupling arc increased. (d) Another variation named “hatchet” device,
is designed to reduce the width in half of the bow-tie design. (e) The ring resonator
is an extreme case, where the torsion ring is coupling around the perimeter. Conse-
quently a thermomechanical signal is large, but the torque sensitivity suffers due to
a larger moment of inertia. (f) The pluto device, a singly clamped torsional device
that has both high G and low I, was my final design for a cryogenic optomechancial
torque sensor. All the scale bars are 2 pm.
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Device ‘ I (gpm?) Qn/27 (MHz) Qun /S, (fm/vVHz) +/S; (zNm/v/Hz) ‘

Paddle: 2.8 9.0 3800 7 0.8
Bow-tie: 3.0 10.9 8100 49 0.7
Hatchet: 1.6 14.5 8000 121 0.6
Ring: 39 5.1 13000 338 1.3
Pluto: 0.9 11.1 8200 24 0.5

Table 3.1: Summarized results of various optomechanical torque sensors. Evolution
of different geometries allow improvements in the torque sensitivity at room tem-
perature. Key results are shown with corresponding device names, after the model
in Fig. 3.2.

§ 3.2 NANOFABRICATION

A general fabrication process is well-known for micro-electro-mechanical systems (MEMS),
where specific details regarding the maximum capabilities of each equipment have to be
carefully optimized and characterized. In the subject of nanofabrication, I have divided this
discussion into multiple chapters. In this section I will describe a conventional method of
torsional optomechanical fabrication, followed by detailed adjustments to the recipe tailored
to each project in the next few chapters. These include thin-film technologies of metal
deposition, a lift-off process of aligned structures, and the use of vapour hydrofluoric acid
(VHF) to preserve magnetic properties while creating suspended torsional structures. The
techniques for nanoscale fabrication is continually evolving, and any development-orientated

processes will be described in the appendix.

3.2.1 Background

The materials used for nanofabrication include insulators, semiconductors and metals that
are primarily a planar structure. In particular, semiconductor complimentary metal-oxide-
semiconductor (CMOS) industry used doped-silicon, where the conventional nanofabrication
techniques were developed. The availability of single-crystal silicon, together with low-stress
polycrystalline silicon and silicon nitride films, drove much of the MEMS research and appli-
cations, where photoresist-patterning and wet-etching was primarily used to make delicate
structures [77]. Here, I use the same process-flow to create optomechanical structures on
SOI platforms having great mechanical properties from crystalline structure and optical
properties having high index of refraction of 3.486 (at A = 1.45 um) [78]. In preview, the

top Si layer was first patterned, with exposed areas into the underlying oxide layer etched,
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and the suspension occurs using a selective hydrofluoric acid (HF) etch to remove the oxide

while leaving the top structural layer intact [79].

Metal electrodes have been routinely used for driving and detecting its mechanical motion,
which requires an additional lithography step — a polymethylmethacrylate (PMMA) film
can be used for liftoff mask for electrode metalization. For my project, I have used the bi-
layer lift-off recipe to pattern magnetic films for torque magnetometry. The chips used in the
next few chapters were all made from the Nanofab facility, where sub-micron features were
especially challenging to fabricate. Here I include both the limitation and the possibility of

the advanced equipments I used.

3.2.2 General process flow

Nanostructures are created in a sequence of fabrication steps, where each step involves with
a definition of a pattern in a temporary polymer known as resist. The patterning of the resist
is followed by either removal of underlying material or addition of new material on top of
the resist. Much effort, therefore, is devoted to develop a process that might offer efficient
execution speed, repeatability, and resolution, with the hope of demonstrating a level of
control at the molecular level. The fabrication sequence for a complete NOMS torque sensor,
with the end result, is illustrated in Fig. 3.3a. This chip has a 250 nm thick single-crystal
(100) boron-doped silicon layer (p-type) as the active layer bonded to an oxide-grown (3
pum) silicon substrate (500 pm) via a smart-cut process [80]. The fabrication begins with a
deposition of an electron beam resist (ZEP-520a), on a clean surface of the Si layer. The
resist is then selectively exposed to electrons controlled by a pattern generator (RAITH-
150Two). The exposed area can then be dissolved away when the chip is placed in a developer
(ZED-N50), generating openings in the resist layer. The opened areas are then dry-etched
chemically with reactive charged ions (Oxford ICP-RIE). After cleaning the e-beam resist
with PG-remover followed by Caro’s acid (or piranha solution, a 3:1 mixture of HaSOy4
and Hy03), a timed wet-etch of the sacrificial layer is performed using a buffered-oxide
etch (BOE) solution — resulting a suspended torsional oscillator as seen in Fig. 3.3b. One
important final step to note is the critical-point drier (CPD) to avoid any closing of small
gaps due to surface tension of water. The CPD utilizes elevation and reduction of pressure
and temperature to avoid the direct phase change of LCO;. In the next few sections, I will

go through some of the fabrication steps in detail with some principles from start to finish.
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Figure 3.3: General process flow for NOMS torque sensor fabrication (a)
Starting at the top left, the cross section of the heterostructure is shown, which
consists of a bulk substrate, a sacrificial layer, and a top active layer. Moving to
the right the sequence of fabrication is shown across the figure. The electron-beam
resist is coated on the substrate, and patterned using a cold development, after which
reactive-ion etch is used on the exposed area to pattern the torsional oscillator. After
the resist is cleaned with a piranha solution, a final step of a timed BOE etch is
used to remove the sacrificial layer, followed by a critical-point dry method to avoid
stiction in small gaps. (b) A SEM of the end result is shown where a singly-clamped

torsional oscillator is suspended and separated to the optical microdisk. The scale
bar is 1 pum.

3.2.2.1 Chip design

Nanoscale devices made from the above fabrication sequence, namely e-beam lithography,
allow multitude of devices to be patterned on a small chip of 5 mm x 10 mm. For example,
all the geometries viewed in Fig. 3.2c-e, including variations of design parameters, can be
patterned in a small window size of 1 mm x 1 mm with hundreds of devices. Once the
desired geometry is confirmed, a separate GDS layout-tool is used to create a CSF file for

pattern generation. Here I have not used the built-in design tool in RAITH-150Two software;
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instead, I have used the MATLAB GDS library to create a script with parameters inputs
such as optical disk diameter, gap length between the resonators, and the parameters for

torsional geometry [81].

3.2.2.2 Methods of cleaning

Maintaining a clean chip throughout the fabrication steps is the first and foremost priority.
Hence, a chip is handled in a class 100 cleanroom at the University of Alberta nanoFAB,
which measures particle (>0.3 pm) counts of about nine per cubic meter volume daily. A chip
is routinely cleaned by solvents, such as acetone and isopropyl alcohol (IPA) and deionized
water (DH50). Sometimes ultrasonic bath may be required after an inspection through a
microscope. If residues are still found, oxygen plasma is used to descum any residues left on
a chip. Ultimately the best cleaning solution is using an aggressive piranha bath, typically
in the very beginning and in the final step, to remove any organic materials on a chip.
Piranha is a three-to-one mixture of H,SO4 and H3O5 and boils to ~ 120°C immediately
upon mixing. For larger volume of the mixture, the temperature stays hot for longer periods,
where I typically use 1200 mL of sulfuric acid and 400 mL of hydrogen peroxide to clean a
small chip for 30 minutes. There is also a temperature gradient from the top at 120°C to
the bottom at 40°C, where the chip is immersed near the meniscus. Although omitted in
Fig. 3.3a, a quick dip in a diluted HF (HoO:HF = 10:1) is followed after piranha cleaning

to remove excess oxide formed on silicon surfaces.

3.2.2.3 e-beam resist

Resists are used in two main applications: as etch masks and as lift-off masks. In the for-
mer case, the resist is patterned via e-beam lithography and the active layer is selectively
etched through the openings in the resist using dry-etch. Since the resist must withstand
an aggressive plasma dry-etch, an important criterion for choosing a resist must show good
selectivity against the active layer. For example, a ZEP520a resist has a high selectivity
of ~ 1.2 to Si whereas PMMA has ~ 0.3 for a certain dry-etch condition. Both ZEP520a
resist and PMMA are capable of creating sub-micron features. Hence, ZEP520a is primarily
used for patterning the optomechanical geometry and PMMA is spun as a lift-off resist of
magnetic materials. In a lift-off mechanism, material is deposited, by evaporation or sput-
tering process, on top of the patterned resist. Openings in the resist allows the material to
attach itself to the substrate, while elsewhere it remains on the resist surface. Removal of the
resist then takes the deposited material on its surface with it — leaving the material where
the openings in the resist were. To yield a good lift-off geometry, the deposited material

must be disconnected from resist surface. This is achieved in a method called the bi-layer
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process, with an underlying layer of lower molecular weight resist, which requires a lower
electron dosage for dissolution. As we will see in Chapter 5 and 6, this method produces a
well-defined shape in hybrid structures. Note that resists are generally classified as positive
or negative resists: a positive resist is one whose solubility in the developer increases when it
is exposed to electron-beam, while the solubility of a negative resist decreases. I have mainly
used positive tone resist (ZEP520a) for most of my chips, where a negative tone resist of

hydrogen silsesquioxane (HSQ) was highly sensitive and inconsistent upon each usage.

3.2.2.4 Principles of electron-beam lithography

Electron-beam lithography is not that different from photolithography, except that the UV
source used to expose a photosensitive resist is replaced by an electron source with electron-
sensitive resist. For a number of commercial systems, including the EBL station at nanoFAB,
these can demonstrate linewidths below 10 nm. Electron-beam lithography remains primar-
ily a research and development tool rather than a production tool because it is a serial-write
process rather than a parallel process, and the electron beam directly exposes only a single
focused spot at a time rather than exposing an area. This significantly reduces the through-
put in comparison to optically-based approaches, and therefore increases the cost of use in
a production setting [82]. For example, a design with ~ 50 torsional devices took about five

hours to write.

In terms of feature limitation, an electron source is desired over the UV source based on

the diffraction limit. Looking at the de Broglie relation,

A=—, (3.1)
p
the wavelength (A) of an electron is determined by Planck’s constant, h, and its momentum,
p. If an electron is in an electric potential, the momentum, p = v/2meV, gives the wavelength
as,
h

A= (3.2)

As an example, the wavelength of electrons in a 30 kV accelerating voltage is 7 pm, much
smaller than UV wavelengths used in photolithography. To achieve smaller wavelengths,
higher accelerating voltages or different ions can be used for modern techniques. As an
example for a helium ion microscope (HiM) at the nanoFAB, the de Broglie wavelength is
much smaller due to the heavy mass of helium ions (m = 6.7 x10~27 kg) over the mass of
electrons (m = 9.1 x 103! kg) where we may be able to use ion-milling to create small gaps

between the optical and the mechanical design as a prospect.
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Figure 3.4: Principle of electron-beam lithography (a) A commercial picture of
the RAITH-150Two EBL system is shown, placed inside the lithography room at the
nanoFAB cleanroom. (b) Inside the sophisticated equipment, a simplified schematic
shows the operating principle of a EBL system. From a field-emitted e-beam source,
the electron beam is accelerated by a high voltage potential, which undergoes a series
of beam-blanker, aperature, and pattern generator, with magnetic coils in between
for focusing. A beam-blanker is required to avoid continuous exposures between
structures. An micron-size aperature is needed to shape the e-beam profile at the
surface of the chip. A pattern generator is what distinguishes an e-beam system
from a scanning electron microscope, where the pattern generator directly exposes
the resist on a chip. The stage has a separate vacuum system where it can move from
one write-field to another. The whole apparatus is placed on a vibration isolation
platform to minimize mechanical vibration during the long writing process.

The operation of an e-beam lithography system (RAITH-150Two) is based on a scanning
electron microscope (SEM) platform, equipped with a computer controlled pattern-generator
and stitching capability for each write-field, allowing full lithographic patterning over large
areas. As illustrated in Fig. 3.4, a beam of electrons are emitted by a highly sharpened
tungsten (W) tip, where the field-emission generate a very narrow range of electron velocities.
This allows very precise focus and control over the electron beam, and yields extremely high

resolution even when a field-emitter is operated at low voltages.

Once the electrons are extracted from the source, they are accelerated by electric fields,
ranging from a few kV up to 30 kV in EHT (accelerating voltage), and a system of magnetic
lenses, beam stop, and apertures is used to focus and narrow the beam (see Fig. 3.4).
Magnetic coils are used to direct the beam to different points inside a write-field. At the
end of the column, a chip resides in a vacuum chamber of ~ 1 x107% Torr on a computer-

controlled motorized stages. The electron beam passes through the top surface and then
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scatters within the volume of the sample. Radiation in the form of secondary electrons are

emitted from the sample, where this is the primary imaging mechanism for SEM.

When making a small gap in an optomechanical design, an intrinsic limit to resolution
comes from the electrons scattering within the resist and backscattering into the resist after
passing through the device layer. At low energies (< 10 kV) electrons scatter readily, which
exposes the e-beam resist more than its design area. At high accelerating voltages (> 30
kV), the scattering inside the resist is minimal and the backscattering occurs deep inside
the substrate. With a small aperature of 10 pm, small features on the order of 10 nm can be
patterned on the resist. In order to improve the minimum feature size as well as improving

writing speeds, a higher energy system (100 kV) is desirable.

The lateral scattering of electrons also affects patterns that include a large number of
closely-spaced fine structures, or small features designed near large ones, causing over-
exposures to adjacent features. This is known as the proximity effect, where the corners
of the structures are rounded-off and the hole sizes of an array may vary. In photonic crys-
tals, for example, the hole size and the hole spacing are crucial design parameters, where
proximity effect must be considered carefully. Fortunately, this effect is compensated by a
tool-kit in the Raith-150Two software where the dose is adjusted around fine features. For
my designs, in particular, the proximity effect has little contribution, where a slightly larger

dose was needed to reveal a small gap.

Another issue to address is the stitching error, where the device might not be aligned to
its adjacent write-fields. Typically the stitching error is small (< 30 nm after 150 write-
fields) but it is destructive to photonic structures if designed poorly. Since my apparatus
uses an efficient dimpled tapered fibre for coupling, long waveguides are omitted. Hence, my
design is completely stitch-free, where two devices are centered in each 100 pm x 100 pm
write-field.

3.2.2.5 Resist development

The final step in the lithography process is the resist development, where the exposed
positive-tone resist is removed by submerging the chip in a wet solvent. Rather than di-
luting the solvent to control the dissolution rate, a cold-development is used to slower the
development process as well as straightening the e-beam side-walls such that smaller gaps
can be achieved. Using a Stir-Kool SK-12D system, as seen in Fig. 3.5, it takes about thirty
minutes to cool the ZED-N50 developer to —15°C, after which the chip is developed for 20 s
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Figure 3.5: Cold development and small gaps (a) To create small gaps and
straight side-walls in resists, cold-development is required. Two beakers are prepared
on a cold-plate: a ZED-N50 developer and an IPA solution. The beakers are sanded
on the bottom, where silicon grease droplets are applied to have a better thermal
contact to the cold plate. With a Styrofoam thermal isolation and a small stir-
stick, it takes about 30 minutes to reach -15 C. The development is done by 20 s
stirring in ZED-N50 developer and 20 s rinsing in IPA, followed by a Ng dry. (b)
For small-aspect-ratio designs, a gel, formed on the surface of the e-beam resist, can
link the features due to underdevelopment — as seen by the cross-links on the left
column. The SEM on the right column shows the fully developed process where the
gaps are visually seen (from [83]). For (c) and (d), I have shown my examples of
underdeveloped and fully developed structures, respectively, for a 60 nm gap. The
interplay between the exposure dose, development, and the cold-plate temperature
plays an important role in attaining the smallest gap possible in my optomechanical
design. The scale bar is 1 um

followed by a 20 s IPA quench. Note that the developing process creates a small gel film on
the surface [83]. When the gap is too small, or the dose is slightly low for its development,
sometimes a bridge is formed in the gap. Hence a thorough dose-testing and a consistent

development is required for the best-achievable gap between the optical and the mechanical
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Figure 3.6: Mechanism of plasma etch (a) A schematic of an inductively coupled
plasma reactive ion etching is displayed. After generating a plasma with reactive
gases (C4Fg and SFg) using an inductive coil, a bias created from the coil and the
electrode bombards the chip with ions to etch away any exposed silicon materials
on a chip. A recipe used for plasma etching is unique to each Inductively coupled
plasma reactive-ion etch (ICP-RIE) system, where this recipe was fully optimized at
NRC-NANO cleanroom. (b) Initially T have used a default silicon handler wafer to
mount the chip with a dab of silicone grease, however, after repeated use of silicon,
there is a risk of wafer breaking inside the chamber while loading and unloading
mechanically. (¢) Soon I have replaced the silicon-handle to a sapphire wafer to
avoid repeated etches on a silicon wafer. The sapphire wafer is chemically resilient
against silicon-etch and increases the etch-rate.

resonators, as shown in Fig. 3.5cd. After drying the chip with dry nitrogen, the lithography

step is complete.

3.2.2.6 Plasma etch

We now turn from a discussion of lithographic techniques to a description of dry-etch pro-
cesses, which is a crucial step to transfer the pattern from e-beam resist to the device layer.
Reactive ion etching (RIE) is the most common form of plasma etching, allowing the use of
both reactive (chlorine-based or fluorine-based) and non-reacitve gases (Ar or He). A plasma
is formed when a sufficiently large DC or RF voltage is applied to electrodes, which energize
electrons that ionize gas molecules at low-pressure. Through inductive coupling between the

RF antenna and the plasma; the chip is placed on one electrode, connected to a separate RF
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power source, creates a DC bias and attracts ions to the exposed chip. Both reactive and
non-reactive gas cause sputter damage, ablating material from the sample. At low pressures,
this can yield highly anisotropic results with very vertical sidewalls due to a higher rate of

ion impact on exposed surfaces than the vertical walls.

The chemical process that occurs in reactive ion etching is quite complex, with a diverse
short-lived intermediate species created when the process gas reacts with the substrate [84].
A full dedicated research of the various reaction sequences are needed; however, a selective
number of gas chemistries have been developed due to the advancement in semiconductor
industry. As mentioned previously, reactive gas is alkaline-based (fluorine, chlorine, and
bromine); where a fluorine-based etch were optimized for Si-etch. An example of fluorinated
gases are SFg and C4Fg, where free fluorine ions are generated in the plasma through the
reduction process in the plasma. The free fluorine ions then react with the silicon in the

active layer, forming a volatile compound SiFy,
Si+ 4F — SiFy. (3.3)

Many dry etch recipes are based on C4Fg and SFg, however etch rates and specific recipes are
highly dependent on each system. To name a few parameters for dry-etch, there are operating
power, pressure, temperature, bias voltage, gas flow-rate, and the choice of material for
mounting the chip. These are inter-related parameters from one system to another and is
a matter of trial and error. In general, lower pressures and higher plasma voltages yield
more anisotropic results. Some gas mixtures, such as the carbon-based C4Fg, deposit thin
inert films on the structure sidewall such that the protection yields more anisotropic results.
Oxygen may also be added to increase the etch rate, but for a thin layer of single-crystal
silicon, it is not generally needed. Specific parameters used for the etching process at NRC-
NANO Oxford Instruments Plasmalab System 100 are shown in table 3.2.

Initially, I have used blank silicon wafers to condition the chamber and to process the chip,
where the wafer was thinning down significantly on repeated operations. I have replaced the
handle wafer to a sapphire wafer to be resistant against silicon plasma, where the full etch
time changed from 42 seconds to 30 seconds by changing the mounted substrate. Note that
a small amount of silicone grease was used to mount the SOI chips to the sapphire wafer. A
ZEP520a e-beam resist is robust against the RIE recipe with good etch-selectivity of ~1.2

as mentioned previously.
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Process O3 cleaning | Si mixed etch (conditioning)

Forward ICP power (W) 2000 3500
RF power (W) 100 25

DC Bias (V) 450 100
Pressure (mTorr) 7 10
C4Fg flow rate (sccm) — 12
SF¢ flow rate (sccm) — 16
O flow rate (sccm) 100 —
Substrate temperature (°C) 20 15

Processing time (min:sec) 20:00 00:30 (10:00)

Table 3.2: A table showing the parameters of silicon etch for SOI devices. Prior to
Si-etch, an Oy plasma is required to ensure a clean chamber. A conditioning step of
a blank wafer is required for a reproducible etch, where the DC-bias is recorded in a
log-book. Although the DC-bias stays near 100 V, it fluctuates over time depending
on the chamber conditions — which affects the etch-rate. For a near 100 V bias,
mounted on a silicon wafer, 30 seconds was enough for a complete etch of silicon
using a sapphire substrate.

3.2.2.7 Post-release

Once the device is fabricated including a small gap between the resonators, a common
problem in suspending the structure via a wet etch, HF or BOE, is the stiction in the drying
step. When the sample is removed from the BOE solution, the drying process can destroy
delicate mechanical structures due to large surface tension exerted on the structure. One
technique that is popular in MEMS community, is the use of liquid carbon dioxide (LCOs),
which is a good solvent for IPA. Furthermore, it can be easily pressurized and heated to
evade the critical point of liquid-vapour phase. This allows drying a sample without exposing
the delicate structures to the direct transition from liquid-vapour interface — at which
the surface tension is ignored. There are number of commercial systems built for critical-
point drying, where I used three purging cycles to replace IPA to LCOs. Another issue
with wet-etch using HF and BOE is that these solutions also etch many metals, including
most magnetic materials. There exist an alternative method to circumvent the metal-etch
by etching the buried oxide layer followed by an e-beam lithography to a lift-off process
without drying [85]; however, this method did not yield many devices per chip due to small
gaps. A more practical approach is to use VHF to suspend structures. A final step of vapour
etch can be done to bypass the stiction while the magnetic material is retained. Details on
the VHF process will be included in Chapter 5 and 6. For the device in Chapter 4, the VHF
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Figure 3.7: Critical point drier (a) A picture of the critical-point drier, used to
avoid the stiction problem from surface tension of liquids. It replaces the solvent
to liquid CO2 where heat and pressure is applied to bypass the phase transition
from liquid to vapour. (b) Inside the equipment, pieces of teflon rings are added
to minimize the volume for the purging process from IPA to LCOs. When the
chip holder was placed in the middle, the chip would sometimes flip over due to
currents in the fluid during multiple purging process.Having two chip holders rigidly
placed, I can avoid the issue of the chip flipping over completely. However, there
are sometimes contaminations after the CPD process.

equipment was not available at the time of fabrication, so I used the critical-point drier
after the wet-etch, as seen in Fig. 3.7, which sometimes introduced contaminants after the
process. Between the two methods, I prefer the VHF method over the critical point drier,

but note that polymer resist is transparent to VHF, and therefore masking is not possible.

3.2.2.8 Fabrication summary

So far, I have covered the core fabrication process from the individual chip to post-released
optomechanical structures. Further fabrication details tailored to each project will be ad-
dressed in respective chapters of 4, 5, and 6. These mainly include the use of lift-off process
of magnetic materials and the implementation of VHF to etch the buried oxide layer while
safeguarding deposited materials. Other non-thesis-related fabrication is mentioned in the

appendix.
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§ 3.3 CHARACTERIZATION

After a successful microscope inspection of the finished device, the chip is rushed into the
vacuum chamber to minimize contamination and oxidation. Inside the chamber, optome-
chanical properties can be characterized in both optical and mechanical spectrum. Here
experimental details regarding the dimpled microfibres fabrication, custom-made vacuum
chamber, and examples of the optical and mechanical properties will be demonstrated at

room temperature.

3.3.1 Dimpled microfibre

Tapered fibres are efficient, and require less on-chip space, than grating couplers or end-
coupling, while free-space coupling is inconsistent with on-chip devices [87; 88]. Moulding a
dimple on the tapered fibre can provide a maneuverable probe, allowing selective coupling
to on-chip optomechanical devices [89] while having excellent efficiency (~ 80%), or min-
imum insertion loss, due to direct coupling of evanescent fields to optical resonators. The
fabrication of tapered fibre is similar to a commercial one, where a commercial optical fibre
(125 pm in diameter) is tapered adiabatically under heat until a single mode is supported

for telecom wavelengths (~ 1 um).

In detail, the first step is to prepare a optical fibre (SMF-28) of one meter in length,
where both ends are stripped and cleaved for mechanical splices. The middle region is also
stripped for tapering process (~ 1 cm). All cladding-stripped regions must be cleaned thor-
oughly using acetone, isopropyl alcohol (IPA), and methanol prior to mechanical spicing
and clamping. The index-matching gel aids the mechanical splicing process until a good
transmission is obtained through the fibre. The efficiency in tapering process is highly de-
pendant on the straightness during the pull, hence any torque applied from misaligned setup
will spoil the end result. This crucial alignment is done using a microscope viewing the top
and the front ensuring a straight profile. A quick test can be done when the fibre softens
(glowing white) by touching the side of the fibre with the hydrogen flame. If any bending
occurs, while heated, careful alignment must be done on the clamp height and the clamp
position to ensure levelling. Also, pre-heating for 10 seconds without pulling is a great way
to confirm cleanliness prior to pulling. A hydrogen-fueled torch should have a pressure of
~ 5 psi and the flame height should be about ~1 c¢m. Adjusting the height of the torch
such that the stripped region is centred vertically allows side-touching, confirmed by a small
glow in a dark room, and the fibre is ready for pulling. The pull speed is typically ~40
um/s while the torch was periodically approached towards the fibre-taper in a small 10 pum
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Figure 3.8: Dimpled microfibre fabrication (a) When a 125 pum diameter opti-
cal fibre is heated and stretched simultaneously, the optical transmission oscillates
until it reaches a single mode at end, where the optical simulation profile shown on
the inset [86]. (b) A SEM of the diameter in the tapered region, where the small-
est diameter shows 1 pm, same as the scalebar. (c¢) After obtaining a nice tapered
fibre, the ~1 pm diameter fibre is wrapped around another fibre-mould (diameter
of ~ 65 pm) by manipulating the translation stages, as seen in the picture. Then a
quick annealing step in the red region using a hydrogen torch shapes the dimple in
the tapered region. The inset scale bar is 125 pum (d) Upon release of the tapered
fibre waveguide to the mould, the optical transmission during the dimpled process,
including the mould, annealing, and release step, shows negligible optical transmis-
sion loss: the fibre is clean and the curvature still holds the total internal reflection
in the fibre core. (e) An optical image of the dimpled microfibre is shown with a
scale bar of 5 mm. Using a low-temperature compatible epoxy, the dimpled tapered
fibre is mounted on a fibre-holder as shown in photograph (f).

increments (~ 50 pm in total distance), to compensate the thinning. An optical profile,

similar to Fig. 3.8a, should be seen where the tapering process stops when the oscillation
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ceases. Here an efficiency of 83% was achieved for a ~ 2 cm tapered region (Fig. 3.8). A
general pull time is between 120 s to 150 s and if the final transmission is less than 50%,

which is often due to the misalignment, the tapering process starts over.

After acquiring a tapered microfibre, the stage is in a microscope mode, mounted per-
pendicular to the microfibre, to view both the mould, a circular image with 125 pm in
diameter, and a tapered fibre. Here the mould is cleaned thoroughly with acetone, IPA,
and methanol before mounting it with a tape. An additional step is to apply a thin layer
of graphite (Tube-O-Lube, SLIP plate) on the mould to prevent sticking with the tapered
fibre. The graphite generally burns off with the hydrogen flame but excess of graphite should
be avoided because particles may still remain in the tapered fibre which deteriorates optical
transmission. After applying the graphite use the kim-wipe, or air gun, to gently brush off

the excess graphite.

The fibre-clamps are retracted about 10 pm to pinpoint the thinnest region of the tapered
fibre, which bends upwards, and the mould is centred to this location. While raising the
mould to touch the tapered fibre, the clamps are retracted simultaneously to maintain
tension of the fibre at all times to wrap the tapered fibre tightly around the mould. After a
mould configuration, as seen in Fig. 3.8c, the torch stub is changed to create a small flame.
Handling the torch upside down, a gentle heat is applied to the mould (for one second).
A reverse process of lowering the mould, while tensioned, was performed until the mould
is ready for release. Using a hydrogen torch, without ignition, a gentle flow of hydrogen
breeze can release the tapered fibre from the mould. This part holds the key to a successful
dimpled microfibre, where patience is often required during this step. With practice, the use

of graphite can be omitted and full transmission was recovered (Fig. 3.8d).

After the dimple is made, as shown in Fig. 3.8e, a custom machined fibre fork is held
upside down for the gluing procedure. Here Kapton tape is often used to provide additional
levelling such that the glue on each side touches the fibre simultaneously. If the glue is applied
on one side first, an uneven contact destroys the dimple by undesired one-sided tensioning.
A wooden applicator is used to mix the two components of a 5-minute epoxy (Devcon 5
Minute® epoxy gel) and to apply it on the mount. At first, a small droplet of epoxy was added
in the inner corners of the fork to hold the dimple in place with desired tension. After waiting
about 20 minutes, until fully hardened, a new mixture of the epoxy can be fully applied
to the rest of the area to hold the fibre securely. One important restriction is the epoxy
height, which must not be higher than the dimple itself. Otherwise, the glue often touches
the chip rather than the dimple itself and therefore the epoxy should be flattened using
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the wooden applicator. Note that for low-temperature applications, a cryogenic-compatible

epoxy (Loctite bipax 2151) must be used as seen in Fig. 3.8f.

3.3.2 Room temperature fiber-coupling chamber

Both the dimpled microfibre and the fabricated sample were installed in a custom-made
coupling chamber. The vacuum chamber, illustrated in Fig. 3.9a, is capable of reaching
down to 1075 Torr and has a glass window on the top to allow imaging of the chip through
a microscope. The vacuum is important to torque sensing, as the air damping is significant
to mechanical quality factor at MHz frequencies. There are a total of six ports at the base
of the vacuum chamber: two ports for pumping and venting, two ports for electrical leads
to control nano-positioning stages underneath the chip, one electrical port for applying ac
magnetic fields, and one port for fibre-optic feedthroughs for input/output. All electrical
feedthroughs are hermetically sealed and the fibre feedthroughs are sealed by a vacuum
compatible epoxy (Torr Seal®). Every time a new dimpled microfibre is fabricated, and
mounted on a stationary aluminium holder, the ends of the fibre are fusion spliced to the
fibres inside the chamber with little loss (0.01 dB). The excess of fibres are fixed with

vacuum-compatible Kapton tape.

The vacuum chamber is mounted on a floating optical table to minimize all mechanical
vibrations as the optomechanical detection is sensitive. The apparatus outside the chamber
is shown in Fig. 3.9 where the laser goes through a series of attenuator, fibre polarization
controller (FPC), and finally to the photodetector. While tuned-to-slope, the mechanics
modulates the transmission where I can obtain the mechanical spectrum as seen in Fig. 3.9b.
Here a thermomechanical calibration is applied to obtain displacement (7 fm/+/Hz) and
torque sensitivity (0.8 zNm/v/Hz).

3.3.3 Low temperature apparatus

A large portion of my Ph.D. work dealt with cooling a torque sensor down to mK tempera-
tures, which came with its unique challenges and difficulties. It may seem straight-forward
to take the room temperature apparatus and place them on a base-plate of a dilution re-
frigerator; however thermal conduction, imaging system, and thermal contraction have to
be considered and re-engineered for successful torque measurements at low temperatures.
Here I acknowledge early team efforts of measuring silica bottle resonators with tapered
fibre [90; 91]. From this foundation of microscope capability at low temperatures, I have

extended this apparatus to adapt on-chip devices where the best torque sensitivity was
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Figure 3.9: Dimpled microfibre coupling apparatus (a) The nanofabricated
optomechanical chip is placed on the three-axes of nano-positioners and highly-
efficient dimpled tapered fibre are housed in a moderate vacuum chamber, capable
of reaching ~10~° Torr. The apparatus shows the transduction of a mechanical
spectrum when the wavelength is tuned-to-slope (the laser goes through splitter,
variable optical attenuator (VOA), fibre polarization controller (FPC), and pho-
todiode (PD). (b) The displacement power spectral density (S,) of the torsional
optomechanical device in Ref. [48] shows a noise-floor, or minimum detectable sig-
nal, of 7 fm/+/Hz. The inset shows the optimal torque sensitivity of 0.8 zNm/v/Hz

at the mechanical resonance frequency.

41
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Figure 3.10: Low temperature apparatus A photograph of the optomechanical
apparatus installed on a baseplate of the dilution refrigerator. The core components
are similar to the room temperature apparatus: imaging system, dimpled tapered
fibre, and nano-positioning stages.

achieved. Described in this section is the principle of a dilution fridge, which leads to our

next discussion of low-temperature torque sensing in the next chapter.

3.3.3.1 Background

Kamerlingh Onnes, in the early 1900’s, reached temperatures below 1 K using series of
pumps to manually reduce the vapour pressure of liquid helium. By accessing this tempera-
ture range, anomalies of helium density around 2.2 K (superfluidity) and superconductivity
of mercury were discovered [92; 93]. Because *He was unavailable at the time, the only way
to lower the temperature further was the adiabatic demagnetization of magnetic moments in
paramagnetic salts [94; 95]. Later, improvements in magnetic field strengths and precooling
methods of >He and “He mixtures, allowed nuclear spins to be also used for refrigeration,
where temperatures near 10 pK was achieved [96]. Further discussion of adiabatic demag-
netization will be mentioned in the appendix as an outlook. With more *He available for

commercial usage, many low-temperature refrigerators can hold continuous operation down
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Figure 3.11: Phase diagram of liquid mixtures of *He and *He The phase
diagram of the *He and “He mixtures, where there are three regions: superfluid
phase, normal phase, and the forbidden phase (dashed), where the phase separation
of the 3He-rich (pure) and the 3He-poor (~6.5% diluted) phase occurs. Even at T' =
0, phase separation occurs for a wide range of He concentrations (from Ref. [98]).

to mK temperatures, such as a dilution refrigerator, and a closed-system pulse tube cryo-
coolers. A pulse-tube system, which uses dynamic compression and expansion of 3He gas,
can cool down to sub-Kelvin temperatures without the use of cryogenic liquids. However,
this system is mechanically noisy, where efforts to reduce the vibrations have been made by
attaching damped-springs to the MFRM experiment [97]. In general, cryogen-free refrigera-
tor is not compatible with vibration sensitive optomechanical measurements. A commercial
dilution refrigerator, where the entire fridge is housed on an extruded floating optical ta-
ble, situated on a separate foundation from the rest of the building, is used to remove all
mechanical noise of the system, while taking advantage of the base temperature of 9 mK.
In the next few sections, I will discuss some basic aspects of different cooling stages in a

dilution refrigerator, prior to the experimental results in the next chapter.

3.3.3.2 Cooling principle of a dilution refrigerator

The cooling principle of a dilution refrigerator is similar to evaporative cooling except that

mixtures of *He/*He was used instead of pure *He. When the mixture is cooled below ~
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Figure 3.12: Operation of a dilution refrigerator (a) A schematic of the operat-
ing principle behind a dilution refrigerator. Inside the IVC, the room-temperature
gas is pre-cooled to the 1 K pot. After a succession of thermally-linked heat exchang-
ers, the >He gas condenses to a pure liquid, which is fed to the mixing chamber.
From the mixing chamber, the He atoms in a diluted phase is pumped away from
the still line creating a continuous closed-cycle. As the circulation continues, bal-
anced by the impedance line, the base temperature of 9 mK was reached at the
baseplate (unloaded). (b) The control panel of the He circulation outside the IVC.
The He atoms are mechanically pumped from the still line and cycles through a
cold trap, which it is fed back to the IVC.

870 mK, it goes under spontaneous phase separation of the *He-rich phase (near 100%
3He) and the dilute phase (6.5% of *He in *He) as confirmed from various experiments
[99]-[101]. The 3He atoms in the 3He-rich phase have lower entropy than the dilute phase,
where it absorbs heat from its environment when the *He atoms transfers from the 3He-rich
phase to the dilute phase. By an interplay of zero-point energy and binding energy, even at
T = 0, there is always a finite solubility of *He in liquid *He, where this process can cool
down to sub-Kelvin temperatures. The transfer of 2He atoms from rich to dilute phase is
initiated by a strong mechanical pump to evaporate *He atoms in the dilute phase, where
the 2He atoms are replenished into the dilute phase to maintain its 6.5% concentration.
For a continuous operation of this cooling mechanism, one has to a supply evaporated >He
atoms recondensed into the >He-rich phase, completing the cycle. Hence the circulation of
3He, outside the mixing chamber, requires multiple heat-exchangers for re-liquification of
evaporated 3He from the still.
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The circulation of *He in a closed-loop system is shown in Fig. 3.12a. Beginning at the still,
heat is applied to increase the efficiency of pumping. From the mixture, 3He is predominantly
pumped due to higher vapour pressure and goes through a cold trap outside the dewar to
purify the *He gas. The room temperature *He gas enters the inner vacuum chamber (IVC),
precooled at the 1K pot. A high impedance flow maintains a high pressure such that 3He
condenses efficiently. After passing through multiple heat exchangers, liquid 3He enters the
return line at the mixing chamber — where the cooling occurs as the 3He atoms cross the

phase boundary to the dilute phase.

3.3.3.3 Components of the fridge

Over the years, dilution refrigerators have been re-engineered due to widespread commer-
cial and acadamic usages, especially with the modern engineering of quantum computers.
Described here are the standard parts of a dilution fridge, going from the top to bottom as
seen in Fig. 3.13b.

1 K pot

The 1 K system is a copper pot containing a small volume of liquid “He, where a pump
is connected to cool near 1.4 K by evaporative cooling. There are feed-lines from the *He
dewar to supply the liquid, with a slightly-opened needle-valve to the pump, to regulate the
temperature in the 1 K pot. The main purpose of the 1 K pot is to provide a first heat link

for the condensation of incoming *He from the dilution circuit.
Still

The still serves the similar purpose as the 1 K pot, except that it operates at a lower
temperature (typically 500-700 mK). The distillation process is performed in the still, where
liquid He is evaporated by a mechanical pump and a heater to control the flow. There are
also heat exchangers, placed inside the still, to cool the incoming >He atoms from the 1 K

pot to the mixing chamber.
Heat exchangers

After the still, additional heat exchangers are used to further cool the liquid prior to the
mixing chamber. To overcome a large thermal resistance, known as the Kapitza resistance
(or acoustic impedance in the interface of helium and metals), it is required to have large
surface areas [102]. Hence, step heat exchangers are installed in addition to continuous
heat exchangers. Continuous exchangers use a helical structure inside a helical design, to
increase the surface area. The step exchangers, on the other hand, have a copper block
with a cylindrical hole in it, where sintered silver powder is filled to provide a large surface

area. Multiple step exchangers can be included to have a strong thermal link between the
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Figure 3.13: Layout of the fridge (a) A commercial rendering of our Oxford
Kelvinox400HA system where the bottom half is sealed by IVC and the whole
system is covered by sliding-seal and dewar. (b) Cropped pictures of the core dilution
parts overlayed with a rendered flanges to simplify the layout. The top flange is 4.2
K linked to the “*He dewar, followed by 1.4 K flange based on the 1 K pot, 1.0 K
flange from the still, 200 mK flange from heat exchangers, and 7 mK at the base
plate where the mixing chamber resides. (¢) A photograph of the radiation shield,
IVC, and the sliding seal is shown from left to right and is illustrated below where
the radiation shield and the IVC creates a thermal isolation to the bath except at
the top flange of b). The sliding seal is in place to prevent condensation of air while
raising and lowering a cold dewar.

incoming and outgoing flow outside the mixing chamber. With well-designed exchangers, we

reached 9 mK as a base temperature of an unloaded fridge.
Mixing chamber

The heart of the dilution fridge is the mixing chamber: a pot, made similar to the 1K pot
and the still, contains two phases of the mixture. When the two phases separate, the heavy
4He-rich, sink below the 3He-rich phase. The capillary connected the 3He-rich portion, called
the ‘still line’, is used to extract the 3He through a mechanical pump. The 3He is cooled
via heat exchangers, then recondensed back through the capillary, called ‘condenser line’,

connected to the top of the pot.
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The crucial part of this closed-loop system is the efficiency of pre-cooling of the condenser
line to the still line. Despite the best efforts to achieve this by heat exchangers, there are
heat loads to the mixing chamber. Assuming that the heat load comes from the incoming

3He, the cooling power, ch, can be balanced as,
Que = N(95T2, — 11T2), (3.4)

where N, is the *He circulation rate, Thy is the temperature right before entering the mixing
chamber, and Ty, is the final temperature at the mixing chamber [98]. Note that radiation
losses and vibration losses are neglected in the expression. Based on Eqn. 3.4, with a fixed
circulation rate, best cooling power is achieved by installing continuous and step efficient
heat exchangers as we have discussed before. In our system, we have total of three step

exchangers to reach base temperature of 9 mK.

3.3.3.4 Thermometry

Temperature is a thermodynamic property that can be measured at low temperatures with
a large number of thermometers, classified in two categories: primary and secondary ther-
mometers. Primary thermometers measure temperature without any prior calibration, where
it relies on independent and reproducible measurements defined by fundamental laws of
physics. In contrast, secondary thermometers require calibration to other thermometers,
typically primary thermometers. Rather than listing all the possible thermometers used at
low temperatures, I will enumerate ones I have used in my experiments: nuclear orientation

therometer and resistance thermometers.
Nuclear orientation thermometer

Our primary thermometer is the nuclear orientation thermometer, which counts the statistics
of the v-ray emission, a quanta of decay in a radioactive nuclei (°°Co). The host material
of a ferromagnetic needle creates a strong magnetic field to split degenerate levels of the
nuclei. By measuring the anisotropy of the -ray emission along the needle-axis direction,
the thermal occupation of sublevels can be inferred [103]. Fig. 3.14 depicts the method
using the count rate of v emission as a function of temperature. The nuclear orientation
thermometer is highly accurate in the temperature range from 5 mK to 50 mK; however,
the measurement is slow due to count-statistics. A constant background of radioactive decay
will contribute to a small part of the heat load. The detector is placed outside the dewar,

which needs to be properly aligned and mounted prior to the mK temperature operation.
Resistance thermometers

The calibration of all secondary thermometers must ultimately originate from a primary

thermometer. After successful calibration, secondary thermometers are often easier and
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Figure 3.14: Nuclear orientation thermometer The inset shows an illustration
of the «y-ray spectrum as a function of temperature: at high temperature, T' = oo, the
spectrum is isotropic, where at T'= 5 mK, the emission-rate along the magnetized
axis (0 = 0) gradually decreases. This is shown by the data, where the vertical
axis is the normalized ~-emission count-rates of a single crystal ®°Co along 6 = 0
axis (W (0)) and the horizontal axis varies in mK temperatures (reproduced from
Ref. [103]). From the large slope, or large sensitivity, below ~ 30 mK, this type of
primary thermometer is used in our dilution refrigerator.

quicker to use than primary thermometers. In most low-temperature laboratories, the widely
used thermometer is based on the temperature dependence of the electrical resistance of
conducting materials: metals, semiconductors, and carbon resistors. These are commercially
available and inexpensive, depending on the temperature range. We have used a conductive
compound RuOs resistor to measure temperature range below 50 mK, which becomes less
accurate below 20 mK. The advantage of these thermometers is their reproducibility and
quick measurements. The primary and the secondary thermometers are used complimen-
tary to observe the absolute temperature for long periods and to detect abrupt changes in

temperatures during measurements.

3.3.3.5 Operating maintenance

While running the dilution refrigerator at full capacity, there are two closed-loop systems:
3He for the dilution stage and *He for the dewar supply. As previously mentioned, 3He
circulation requires a cold trap outside the dewar to clean the He flow prior to condensation.
This maintenance is done by topping up the cold trap liquid nitrogen as frequently as
possible, where failure to do so may cause blockage in the impedance capillary to the mixing

chamber. For the “He cycle, the 1 K pot extracts liquid *He from the dewar where a manual
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Figure 3.15: “He recovery system During normal operation, noted by black ar-
rows, evaporated ‘He atoms from the dewar and 1 K pot are fed directly to the
liquefier by a compressor. When the liquid is running low in the dewar, where the
4He level is near the bottom of the 1 K pot feedline, a manual *He transfer is
conducted to top-up the helium level from the liquefier using a transfer stick and
pressurized *He gas, as indicated by the bottom orange arrow. During the transfer
process, a large volume of *He is generated, which is captured first in a black recov-
ery bag located at a separate room, as noted by top orange arrow. To accommodate
all the helium, a compressor takes *He into pressurized yellow cylinders for storage.
Afterwhich, “He atoms are purified in a cold trap and is pressurized to the liquefier
in our lab. Based on this efficient recovery system, experiments can be prolonged
to years of operation as long as the weekly *He transfers are met.

helium transfer is required to maintain a certain helium level above the pot feedline. Here,
we have an efficient helium recovery system: the evaporated *He gas is collected in a bag
outside the lab, pressurized and purified by a LNy coldtrap, and ends up in a liquifier where
a manual transfer is done by a transfer tube. A summary is shown in Fig. 3.13, where the
transfer routine is performed once per week. During the transfers, both coldtraps in the
3He/*He systems are filled.

3.3.3.6 Low temperature endoscope

An objective, to align the micron-size tapered fibre to the optical microdisk, is crucial for
optomechanical coupling. At low temperatures, this is difficult due to thermal contraction
of materials, where the alignment of the fibre and the disk cannot be done blindly. Hence,

the first project on a commercial dilution refrigerator was to implement a low-temperature
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Figure 3.16: Low temperature optical microscope (a) From the same schematic,
as seen in Fig. 3.12, the tonfa-shaped imaging system is overlayed in a photograph.
Additional photographs of the top portion, including the camera, the 37,000 fibre-
bundle, and the thimble system to translate the imaging system vertically is shown
as well as the LED fibre feedthroughs on the bottom. (b) The imaging principle is
shown here where the green LED is focused and collimated through the sample and
is collected through a fibre-bundle toward a CMOS-based CCD camera. The image
collected from this system is crisp and clear in comparison to an actual microscope
image of the same chip.

compatible microscope. We have installed a fibre-bundle system, modelled after the Helsinki
system, to collect light with a charged-coupled device (CCD) camera outside the fridge
[90]. A light-emitting diode (LED) at 530 nm is chosen as an illumination source for better
image contrast. Utilizing the space given from the commercial dilution parts, we successfully
colliminated and focused the green LED source to the coherent 37,000 fibre-bundle system
(Fujikura FIGH-40) to translate image from the chip on the baseplate to the CCD outside the
fridge as 37,000 pixels, shown in Fig. 3.16a. When operating the fridge, the only knob allowed
to manipulate is the image focus, where a thimble (Huntington VF-178-275) translates the
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entire imaging apparatus vertically. An example of the image taken is shown in Fig. 3.16b.
So far we have discussed the cooling mechanism of a dilution refrigerator with some initial
work on the imaging system. Further discussions on incorporating on-chip optomechanics

to a dilution refrigerator will be featured in the next chapter.



- Chapter 4 -

APPROACHING THE STANDARD QUANTUM LIMIT
OF MECHANICAL TORQUE SENSING

What is essential is invisible to the eye.
- The Little Prince

This chapter highlights my research, where I reduced the torque sensitivity near the quan-
tum level at low-temperatures. After covering the details of standard processes for on-chip
fabrication, the custom-built optomechanical apparatus to detect torque at room tempera-
ture, and operating principles of a dilution refrigerator, we are now ready to embrace the
combination of torsional optomechanics and low-temperature apparatus. This chapter is
based on the publication in 2016, highlighting the first optomechanical torque sensor built
at low-temperatures, accentuating the importance of low-temperature for torque sensitivity
[48].

§ 4.1 INTRODUCTION

Cavity optomechanics allows measurement of extremely small mechanical vibrations via
effective path length changes of an optical resonator, as epitomized by the extraordinary
detection of the strain resulting from transient gravitational waves at LIGO [15]. Harnessing
cavity optomechanics has enabled measurements of displacement (the basis for force and
torque sensors) of on-chip mechanical devices [17; 104] at levels unimaginable by previous
techniques. Here we focus on cavity optomechanics as a platform for measuring torque

applied to a torsional spring. Classically, for a thermally-limited measurement, the minimum

52
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resolvable mechanical torque spectral density is given by
St = 4kpTTI, (4.1)

where kg is the Boltzmann constant, and T is the mode temperature. Minimization of the
moment of inertia, I, and the mechanical damping, I, can therefore result in improved torque
sensitivity at a given temperature. Yet, reducing the mechanical damping is notoriously
challenging, and even with modern nanofabrication techniques — and cavity optomechanical
detection of sub-optical wavelength structures — the moment of inertia can only be lowered
so far. Here geometric optimization leads to the design previously shown in Fig. 3.2e, with a
room temperature torque sensitivity of 0.5 zNm/ VHz; a modest improvement over the 0.8
zNm/+v/Hz of previous incarnations of cavity optomechanical torque sensors (Fig. 3.2b [48],
Fig. 3.1c [70]). Therefore further improvement demands lowering of the mechanical mode

temperature.

Fortunately, on-chip optomechanical devices have been successfully integrated into cryo-
genic environments. Multiple architectures are now capable of cooling near the quantum
ground state either directly through passive cooling [8; 105; 106], or in combination with
optomechanical back-action cooling [24; 107]. Yet, as we demonstrate below, only passive
cooling is compatible with reducing the thermal noise in an optomechanical torque sensor.
Furthermore, while these architectures are well suited to tests of quantum mechanics and
applications of quantum information processing, they are not well suited to integration with
external systems one may wish to test. Hence our cavity optomechanical torque sensing plat-
form is unique in that it enables straightforward integration with test samples and operates

in a dilution refrigerator with near quantum-limited torque sensitivity.

4.1.1 Fundamental limits of torque sensitivity

The torque sensitivity involves three spectra in the quantum regime: the device’s intrinsic
angular displacement spectrum, Sp"(€2), the back-action and imprecision noise spectra as-
sociated with the measurement apparatus, Sp*(Q) and Sj™P(Q) — where the total noise

spectral density can be written as,
So(2) = S§(Q) + S*(Q) + S5"(). (4.2)

Here the intrinsic noise is generated from the combination of the thermal and quantum
fluctuations of the mechanical element and the measurement apparatus. Going term by term,

the intrinsic angular noise spectrum (Sy"(2)) can be expressed mathematically using the
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(quantum) fluctuation-dissipation theorem [108] for the single-sided angular displacement
as
SgU(Q) = 4h ((n) + 1/2) Im{x(Q)} = 4RQT'I ({n) + 1/2) |x(Q)|*. (4.3)

Substituting the susceptibility, Sp(Q) = |x(2)|?S-(Q), to Eqn. 4.3, we can identify the in-
trinsic quantum torque spectrum as SI(Q) = 4ROQT'T ((n) + 1/2), where (n) is the phonon
occupation of the torsional mode. For the case of thermal equilibrium with a bath at
temperature 7', the phonon occupation is given by the Bose-Einstein occupation factor
(n) = gy = (k8T _1)=1, Note that we also have an addition of one-half to this thermal
occupation corresponding to the ground state motion of the mechanical resonator. In the
high-temperature limit, (n) ~ kpT /A€ > 1, this ground state contribution can be neglected
and S3%(Q) reduces to the familiar classical white-noise torque spectrum of S = 4kgTTI
[86].

Likewise, one can express the back-action angular noise spectrum as S52(Q) = |x(Q)[2S>2(Q),
where we have now introduced a back-action torque noise spectrum, S2(Q). In general, this
back-action torque spectrum, as well as the angular imprecision noise spectrum, Si)mp(Q),
will contain contributions from both classical technical noise and fundamental quantum
noise, with the product of the two spectra obeying the Heisenberg uncertainty relation (for

single-sided spectra) [108]-[110]
S (0)Sg"P(Q) > b2, (4.4)
Note that the equality in Eqn. 4.4 corresponds only to quantum-limited measurement noise.

We can now determine an equivalent torque noise spectrum from Eqn. 4.3 using the
angular susceptibility of the system as
Sp(€2)

Se() = £t = AOTT (1) + iy (@) + oa() +1/2) (4.5)

It is this torque noise spectrum that sets the minimum resolvable torque, and hence the
sensitivity, of our system. In Eqn. 4.5, we have introduced the noise equivalent quanta
due to measurement imprecision and back-action, nimp(Q2) = S;mp(ﬂ)/4hQFI|X(Q)\2 and
nba(Q2) = Sp2(Q)/4hQTI|x(22)]?, whose product can be found from Eqn. 4.4 to obey

1

im Q a’Q Z 7
rimp(2)10a () 2 Teermr o

(4.6)

with equality again corresponding to quantum-limited measurement noise. Note that at the

mechanical resonance frequency, Eqn. 4.6 reduces to the familiar form 7imp(Qm)nba(Qm) >
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1/16 [110].

For the minimum possible torque noise spectrum as allowed by quantum mechanics, we
first look to minimize the added measurement noise (S;™"(Q) 4+ SH*(Q2)) of our system. By
taking equality in the Heisenberg uncertainty relation of Eqn. 4.4, we find the optimal mea-
surement noise spectra of Sémp(Q) = Spa(2) = K|x ()|, or equivalently, S*(Q2) = h/|x(Q)|,
corresponding to the so-called standard quantum limit (SQL) of continuous position mea-
surement [108; 109]. Furthermore, by tuning to the mechanical resonance frequency, |x(£2)
is maximized, thus minimizing the torque noise S;(2) in Eqn. 4.5 with respect to frequency.
Returning to our effective quanta notation, we find that nimp(Q2m) = nba(Qm) = 1/4 at the

SQL, such that the minimized torque noise is found to be
S5O — §9((n) +1), (4.7)

where S = 47, T'I is the fundamental torque noise spectrum associated with the continu-
ous monitoring of a mechanical resonator in its quantum ground state at the SQL. It is this
zero-point torque spectrum that sets the quantum limit for the minimum resolvable torque
for a given device, half of which arises from the zero-point motion of the resonator, the other
half from the Heisenberg-limited measurement noise at the SQL, whereas the limit at finite

temperature will be given by the quantity in Eqn. 4.7.

4.1.2 Passive versus active cooling

As demonstrated by Eqn. 4.7, the torque sensitivity is improved as the average phonon
occupancy of the device is reduced by passive cooling the device. However, one might think
to use an active mode-damping method to reduce the phonon occupancy of the mechanical
resonator and therefore its minimum resolvable torque. Unfortunately, in such a process
the torque sensitivity generally decreases by the increase in the mechanical resonance’s
linewidth.

Consider the case of optomechanical back-action cooling (OBC), where photons trapped
in an optical cavity impart a dynamical radiation pressure force on the mechanical resonator,
increasing its intrinsic linewidth by an amount I'oyg, such that I' — T'+'oy. In this example,

the average phonon occupancy of the resonator becomes,

I—‘ﬁth + I—‘OM’ﬁmin
(n) =
I'+Towm

(4.8)
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where Ty, is the minimum attainable average phonon occupancy using this method [111;
112], (Pmin = FKeav/4Qm fOr Keay > O, whereas fipgi, = £2,,/16Q2 in the sideband resolved

case of Kcay € O, With Keay being the linewidth of the optical cavity). Note that for

T'om = 0 (i.e. no optomechanical damping), (n) = fgy and thermal equilibrium is restored.

Placing Eqn. 4.8 into Eqn. 4.7, we obtain the minimum resolvable torque spectrum asso-
ciated with OBC as

S2P¢ = 4hQuI(T + Ton) (F”th + Lomlimin 1)

I'+T'owm

= 47 QI (Thsn + ToMAmin) + 452 (T + Com) (4.9)
= 4R T (Agn + 1) + 400 TomI (min + 1)

= SEQL 4 gOM > ghal

where S?M = 4hQmTomI (imin + 1) is the contribution to the minimum resolvable torque
spectrum due to optomechanical back-action. Note that the inequality in the last line of
Eqn. 4.9 arises due to the fact that SO > 0 for optomechanical damping (where I'oy > 0),
with equality corresponding to I'oy = 0 = SOM = 0. Therefore, one can see that while the
phonon occupancy of the mechanical mode decreases, there is an counter-intuitive increase
in the minimum resolvable torque spectrum. Physically, this can be understood due to the
fact that any apparent reduction in the minimum resolvable torque by reducing the phonon
occupancy of the resonator using back-action cooling, is negated by a commensurate increase
in the mechanical damping rate. Therefore, a torsional optomechanical resonator must be
passively cooled using a fridge to approach towards ground state occupation, achieving the

quantum limit of torque sensitivity.

§ 4.2 EXPERIMENT

To meet the challenge of passively cooling our devices, we describe experimental details inside
a dilution refrigerator. One outstanding aspect of this system is that the use of a dimpled-
tapered optical fibre results in a total optical efficiency of n = 32%, an improvement over
other state-of-the-art quantum optomechanics experiments [105; 106], which aids in the low-
power optical measurements. I begin with the basic layout of the chip, including the pluto
design — which possess the best torque sensitivity and optomechanical coupling coefficient.
Additional step-by-step fabrication recipes are shared to achieve the smallest gap made for
this chip and to deposit superconducting materials on the landing pad for a potential hybrid

system. Lastly, our efforts to construct dimpled-microfibre-compatible fridge are described.
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Figure 4.1: GDSII layout for e-beam lithography (a) A writefield is an 100 ym
x 100 pm square area that is used for the pattern generator to directly expose the
e-beam resist. At the centre, four 1 pm square alignment marks are designed for
potential post-process of depositing materials. On the left side of the optical disk, a
trench is designed to give room for dimpled microfibre manipulation, with two fibre-
racks to hold the fibre in place. (b) Four different torque sensors are designed. For
three designs, bow-tie, hatchet, and pluto, have a small 1 ym diameter area reserved
for hybrid systems, whereas the ring-resonator design can explore optomechancial
effects at low-temperatures.

4.2.1 Chip design

’ Measured Parameters Material Parameters (Si) Calculated Quantities
I = 155 nm p = 2329 kg-m? k1 = 1.09 x 1071 N-m
wy; = 175 nm E =170 GPa ke = 1.16 x 107 N-m
ly = 1.46 um v=0.28 I., = 1.23 x 103! kg-m?
wy = 175 nm I., =1.15 x 10730 kg-m?
w, = 125 nm I, = 5.14 x 1072° kg-m?
t = 250 nm I, = 8.06 x 10~2® kg-m?
R4 = 570 nm
R, = 488 ym
1 = 60.2 deg

Tmax = 2.01pum

Table 4.1: Measured and calculated parameters, as labelled in Fig. 4.2, for the
torsional device studied in this work.

On the chip, there are total of 62 devices with four different designs, as seen in Fig. 4.1.
With the best efforts to minimize the iteration process using FEM simulations (COMSOL),
still ten trials were made to test the limitations of fabrication. The moment of inertia cannot

be decreased indefinitely due to detection limits, and a maximum optomechanical coupling,
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on the other hand, has generally large moment of inertia (see table 3.1). Also the beam
length, or the torsion arm, cannot be arbitrarily long due to material properties, where a
long beam with a given Young’s modulus will cause sagging after the undercut process.
Rather than listing all the solutions and improvements, I will state that the chip installed
in a dilution refrigerator has the finalized mechanical dimensions (see table 4.1), where the
only variation came from the gap between the optical and the mechanical resonators. This
gap is an important feature as it improves the optomechanical coupling with a small trade-
off in optical dissipation. In extremely small gaps, the torsional resonator would experience
a short-ranged van der Waals force, but based on fabrication limitations in achieving < 40

nm gaps, the restoring force is assumed to be negligible [113].

4.2.1.1 Modelling of pluto design

As mentioned previously, the pluto design (Fig. 3.2e) was the winner for having a balanced
low moment of inertia with a high optomechanical coupling. Here, a deposition area, a 1 pm
diameter disk, is included along the torsion arm as a prototype for next implementation of
magnetic films, including superconductors. Because of this addition, we treat this resonator
as a coupled torsional oscillator (see Fig. 4.2¢): one punctuated by the sample disk, the other
by the ring segment used to couple to the optical disk, each with its own torsional spring
constant, k;, and moment of inertia, I. From Eqn. 2.4, we see that in order to calculate
the effective moment of inertia of a torsional mode, we need to determine its mechanical
mode-shape by the density, p(r), or more specifically, the scaling function, h(y). For the
geometry in Fig. 4.2b, the torsion rods have a simple rectangular cross-section, such that

the torsional spring constants will be given by

_ Bw t’E

= AT (4.10)

Rj
where [ and w are the length and width of the torsion rod, and ¢, E and v are the thickness,

Young’s modulus and Poisson ratio of the device, while § is a numerical coefficient given by

[ee]

1 192 w; 1 nmwt
=—|l1——F— — tanh 4.11
b 3[ Tt zn:n5 o (2w»>]’ (411)

7

where n are positive odd integers [50; 114]. Note that we have assumed ¢ > w;, as this is

the case for the device studied here.

The moment of inertia of the sample disk is found from its geometry to be

_ma (1
L= (Rd+3)7 (4.12)
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Figure 4.2: Coupled torsional model schematic and angular scaling func-
tion (a) A schematic depicting the out-of-plane displacement of a simple torsional
mode. (b) A top-down view of the torsional resonator geometry used in this work
with the critical dimensions labeled. The measured numerical value for each dimen-
sion can be found in table 4.1. (c) A torsional “mass-and-spring” diagram illustrating
the simple coupled oscillator model. (d) Plot of the scaling function h(y) using both
the analytical model of Eqn. 4.18 (blue - dashed) and FEM simulation (red - solid),
with the following four regions of the resonator demarcated: A - first torsion rod,
B - sample disk, C' - second torsion rod and D - ring segment.

where Ry and m, = pmR%t are the radius and mass of the sample disk (see Fig. 4.1b), with
p being the density of the device. On the other hand, the moment of inertia of the ring

segment is given by

_ ptw, (2R, + wr)
=

{((Rr Fw)? + R,%) (6 —sing) + 2] (4.13)

I 3
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where w,., R, and 1 are the width, radius of curvature and sector angle of the ring segment
(see Fig. 4.2Db).

Once we have determined the above torsional spring constants and moments of inertia,

the equations of motion for the device (excluding damping for simplicity) are then given by

L6, = —k101 — ko (01 — 02)

. (4.14)
1,05 = —ko(02 — 01),

where 07 (6-) is the angular displacement of the sample disk (ring segment), as demonstrated

schematically in Fig. 4.2a. Applying a Fourier-transform to these equations of motion, such

that 6; = —Q26;, we can rewrite them in matrix form as Af = 0, with A and 5given by
02 _ Kitko Ko 5 0
A= Ko h 2 h K2 ‘| ’ 0= [ ' : (415)
7 Q-2 0

Solving this system of equations, we find the eigenfrequencies of this coupled system to be

1 K2 K1+ Ko 1 K2 K1+ Ko 2 4/€1/€2
QL == (22 + /= - 4.16
+ 2 <12 T > 2\/<12 T > L’ (4.16)

where the negative (positive) frequency corresponds to the symmetric (antisymmetric) tor-

sional mode. Note that for the experimental parameters given in table 4.1, Q_ /27 = 18.1
MHz, which is somewhat larger than the experimentally measured mechanical resonance
frequency of Qy,/27 = 14.5 MHz.

Focusing on the symmetric mode (as this is the mode examined in this work), we can insert
the negative eigenfrequency, £2_, into the system of equations given by Eqn. 4.15 to obtain

an expression for 0y in terms of 0, as

1 I K1+ K I K1+ K S § K1+ K
1+1 2+\/<1+1 2)_ 111 1 291, (4.17)

T2 I ) I K2 kaly b~ K2
where we have made the experimentally relevant approximation Iy < Is. We can now use
the relative angular displacements of the sample disk and ring segments given in Eqn. 4.17
to determine the mode-shape scaling function h(y). To do this, we assume the simplest
imaginable torsional mode-shape [114; 115], where the mechanical device is rigidly clamped
at one end (# = 0), with the angle of deflection increasing linearly along the torsion rods,

while remaining constant over both the sample disk and ring segment. In this case, h(y) is
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Figure 4.3: Mlechanical modes and simulations of pluto design Optomechan-
ically measured thermal noise voltage spectrum of the five mechanical modes at 4.2
K, associated with FEM simulations of the mode-shapes colour coded by their total
displacements. The signal is optimized at the second resonance corresponding to
the torsional mode.

given by the piecewise function

m?ﬁz %’ ye A
Ko
; yeB
h(y) = Kl';iﬁz y—l—2Rg K2 C (4’18)
K1+k2 2 K1t+k2’ ye
17 Yy e D.

A plot of this function using the measured/calculated device parameters (as given in Table

4.1) can be seen in Fig. 4.2d, where we have also defined the regions A-D.

Finally, by inputting Eqn. 4.18 into Eqn. 2.4, we can determine the effective moment of

inertia for this simple analytical model to be

0, (0,\°] I. 6>
T+ 2y () |22y (B 4
+02+(02> 3-1-( ) 1+ 12

2 2
K K I, K
1+ 2+ 2 ==+ 2 L+ 1z = Iy,
K1 + K2 K1 + K2 3 K1 + Ko

(4.19)

where I,,, and I,, are the geometric moments of inertia corresponding to the two torsion
rods with spring constants k1 and ko (I, = plyw;t(w? + t2)/12), and we have again used
the experimentally valid approximation that Iy > Iy, I.,, I.,. For the device studied here,

the analytical model predicts an effective moment of inertia I ~ Iy = 807 fg-um?.
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a)

Figure 4.4: Low-temperature optomechanics (a) Tilted view of a SEM image
of the singly clamped optomechanical torque sensor, which oscillates by the yellow
arrow. A 10 pm diameter microdisk is evanescently coupled to a torsional resoantor
by a gap of 60 nm. (b) A FEM simulation of the dispersively coupled optical fields.
The scale bar is also 2 pm.

While the analytical model of the previous section allows for a qualitative understanding of
the torsional mode-shape of our resonator, a much more accurate mode-shape, and therefore
effective moment of inertia, can be determined using FEM simulations. An example of
such a mode-shape generated using COMSOL can be seen in the inset of Fig. 4.3. From
this simulated mode-shape, the effective moment of inertia of the device can be calculated
numerically using Eqn. 2.4, for which we find a value of I = 774 fg-um?. It is this value that

we use to calculated the torque sensitivities.

Furthermore, the scaling function h(y) extracted from the FEM simulation is compared to
the analytically determined one given by Eqn. 4.18 in Fig. 4.2d, highlighting the deviation
of the analytical model from the numerical one. This disparity is likely due to the fact that
the analytical model ignores the resonator’s support structure, as well as the elasticity of
the material. As such, the analytical model overshoots the scaling function in the critical
region of the ring segment, predicting a larger effective moment of inertia than the numerical

model.

Placing the singly-clamped torsional resonator next to an optical disk, as seen in Fig. 4.4,
the coupling should be nonlinear — where the observed frequency should be twice the
mechanical frequency from the quadratic coupling. However, the data seem to agree with
the FEM simulation to first order, suggesting that the optomechanical coupling is linear.
There are two suggested sources of linear coupling: the slanted sidewalls based on imperfect
nanofabrication and asymmetric optical mode due to the dimpled microfibre placement
on the disk. In some cases, I have observed a small second order peak in addition to the

first order coupling, similar to the cantilever example in Ref. [69]. Despite the best efforts
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to achieve second order coupling by making straighter sidewalls and having a fibre-rack
(Fig. 4.1a) for evanescent coupling, the optomechanical coupling tends to be dominantly
linear. For the rest of our discussion in torque sensitivity, we will assume linear coupling for

the optomechanical torque sensors.

4.2.2 Nanofabrication

The core of our optomechanical design is an optical disk resonator, diameter of 10 pm,
evanescently coupled with the mechanical torsional element via a small gap. This total
separation of mechanics and optics aids in thermalization at low-temperatures, but the gap
is small enough (~60 pm) to have good overlap of optical field and displacement field to
achieve large coupling (Gy = 3.4 GHz/mrad, G, = 1.4 GHz/nm), which is necessary to
observe mechanical response at low power and low-temperature. Hence the scope of the
fabrication methods were to obtain the smallest gap and to test the possibility of hybrid
structures with metal films. Since the general principles of e-beam lithography were already
shared, I will enumerate the recipe as a reference and further discuss the latter part of hybrid

device fabrication.

4.2.2.1 Fabrication recipe of a SOI torque sensor

1. Prepare a chip (250 nm thick SOI chip with 3 pm buried oxide layer)

e The chips are diced into 10 mm x 5 mm rectangle with a protective HPR506

resist-coating
e Rinse 3 times with Acetone followed by IPA to remove the resist
e Final rinse with DI H,O (Deionized water) with Ny dry

2. Piranha clean

e Mix 800 mL HySO4 with 200 mL H>O5 and place the chip close to the meniscus
(80 °C hot region)

e Clean for 20 minutes

e Rinse the chip with DI H5O 5 times followed by a No dry
3. HF dip

e A quick 40 s rinse in concentrated HF (49%)
e Rinse the chip with DI HyO 5 times followed by a Ny dry

4. Resist spin
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Figure 4.5: Modified processflow for hybrid structures (a) Additional steps
to Fig. 3.3 have been taken to address hybrid structure to pattern aluminium disk
on the optomechanical torque sensor. Followed by a HF undercut, the chip is sub-
merged in acetone without drying. Placing the chip on a chuck, with an acetone
droplet intact, PMMA950k-AS8 resist is supplied as the solvent evaporates in air.
After the solvent is fully replaced with the resist, spinning and baking is performed
to prepare for EBL. Post-alignment is performed to create small windows for alu-
minium deposition. After e-beam evaporation, a lift-off process in a stronger solvent
(NMP) is made to ensure cleanliness against the resist. Finally, a critical point drier
is used to avoid stiction, producing hybrid (b) bow-tie and (c) pluto devices with
45 nm Al thick disks.

Critical dry b)

I E——

e Place the chip on the smallest chuck on the Brewer spinner

e Ensure that the ZEP-N50 resist is warmed up to room temperature (pull the

bottle out of the storage fridge during the previous cleaning steps)

e Put 2 droplets on the chip using a pipette such that they are contained on the
chip without spilling on the edges

e After waiting 1 minutes, spin the resist using the recipe “PK_ZEP”
— spin: 100 RPM, ramp: 100 RPM/s, time: 2 s
— spin: 5000 RPM, ramp: 2500 RPM/s, time: 60 s

e Inspect the back-side of the chip (soak cleanroom-compatible Q-tips with ace-
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tone/IPA to wipe out excess resist on the back-side.

e For immediate EBL use, bake the chip at 180 °C for 20 minutes followed by a 15

minutes waiting period (cool-down/hydration period)

e For later usage (> 1 day), then baking is not necessary

e The resist thickness should be uniform near the centre (~325 nm). Resists are
thicker near the edge (called the edge bead), so avoid patterning near the edges.

5. EBL

e Scratch the bottom left corner of the chip using a diamond tip prior to loading
in RAITH-150Two

e Define the bottom left corner (U, V) = (0, 0) and perform an angle alignment

e Focus on a particle near the scratched corner with 30 kV EHT (accelerating

voltage) and 10 pm (aperature)

e Perform a write-field alignment until four zero’s or nine’s are obtained (i.e.X:
0.99994, Y: 1.00003)

e Record the beam current in units of pA

e Set dose at 310 uC/cm? for cold-development (128 pC/cm? for room-temperature

development)
e Adjust the curve-step as 8 nm and area-step as 4 nm

e Run the position-list file (.pls format) which includes GDSII layout file (.csf for-

mat)
e Development

— Using Stir-Kool cold plate, set the developer (ZED-N50) and quencher (IPA)
at —15 °C using a stir-stick at 70 RPM

— Develop in ZED-N50 for 20 s followed by a IPA rinse for 20 s

— Ny dry immediately without the use of water rinse
6. RIE at NRC-NANO cleanroom (Oxford Chlorine etcher)

e Conditioning a blank Si wafer using “Si Mixed etch_opt1” recipe for 10 minutes

e Mount the chip on a wafer near the centre using a small dab of silicone grease

for adhesion
e Process the chip for 46 s using the same recipe

e Finish with a 20 minute O chamber cleaning recipe

7. Resist strip
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e Use Ozone-bonder, without O5 flow, as a UV flood source
e Process for 15 minutes

e Soak with PG remover for 2 minutes followed by x5 DI H5O rinse
8. Piranha clean

e Prepare the same piranha solution as before and clean for 20 minutes
9. BOE/HF undercut

e Soak in BOE solution for 26 minutes followed by x5 DI H5O rinse
e Rinse in a diluted HF for 1 minute followed by x5 DI H2O rinse
e Soak the chip in TPA

10. CPD

e Load the chip as seen in Fig. 3.7b
e Set purge dial to 2
e Gentle Ny blow to remove any dust on the sample

e Rush to the apparatus, store it in vacuum or Ny environment

The pluto device, patterned and fabricated on a SOI chip, is shown in Fig. 4.4a, where
a nice gap of 60 nm is formed. At room temperature, this particular device demonstrates
Qm = 8151, Q,, = 11.09 MHz, and /S, = 0.5 sz/\/E. Prior to the experimental details
regarding the optomechanical apparatus in a dilution refrigerator, I will now highlight a
parallel process to the chip, where an aluminium disk was selectively deposited on the

landing pad as shown in Fig. 4.5bc.

4.2.2.2 Deposition

Although testing the limits of torque sensitivity by means of design, nanofabrication, and
temperature, are important — these efforts would have been in vain if torque sensors cannot
demonstrate hybrid systems, such as to study magnetism. For example, when a magnetized
sample on a torque sensor is under an alternating field, the torsional mode feels a torque
that can be studied to extract material properties and study nanoscale physics. As a pre-
view to next chapters of hybrid systems, I demonstrate our first prototype to incorporate
aluminium films to our torque sensors. Beginning with some deposition principles of metal
films, a modification to the previous recipe, based on Ref. [85], is shared. Note that prior to

deposition, a secondary EBL lithography is processed for a lift-off procedure.
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Thermal Evaporation

There are two common ways to deposit thin films by the use of thermal evaporation or
by sputtering in either DC or RF plasma. In thermal evaporation, a low base pressure is
required, in which the evaporated atoms can flow with a long mean free path, or minimal
collision with residual gas atoms from the source to the substrate. To achieve pressure in
the range of (< 107% Torr), a cryo-pump, ion-pump, or a diffusion-pump is required to
acquire high quality films. In the case of an electron-gun evaporator, a strong e-beam (10
kV) is magnetically steered to hit the source target, which is placed in a water-cooled carbon
crucible. The e-beam evaporates a small area of a target material until the vapour pressure
is high enough to acquire a steady deposition rate. Once the shield is opened, the ballistic
transport from the source adheres to a resist-patterned chip mounted upside down. Since
the metal coverage is protected by a patterened e-beam resist, usually a bi-layer PMMA
film, a lift-off process can transfer the e-beam pattern to a material pattern. For alunimium,
the adhesion strength is quite strong to the substrate; however, some films, such as gold,
require an additional adhesion layer of Cr or Ti to promote adhesion. In the case of Cr, the
film evaporates from a solid phase (sublimation), where it is hard to control the deposition
rate due to inconsistent thermal contact of the e-beam. Here, the thickness of the deposited
material is monitored using a calibrated quartz crystal microbalance. Despite the benefit
of high quality films, based on the base-pressure, an evaporator system is also not usually
compatible for insulating devices, as the built-up charge and deflections will usually cause
contamination of the chamber. Hence, it is often easier to work with a sputtering system

for film uniformity and wide range of films including insulators.
Sputter deposition

Similar to thermal evaporation, the base-pressure of the chamber plays an important role to
the quality of the film, ensuring a clean slate prior to introducing an inert gas, such as Ar,
for generating a plasma. One common type of sputtering gun is planar magnetron, where
magnets are placed behind the cathode, made of the sputter material, and the anode faces
the cathode, trapping the plasma tightly between the two plates. High energy ions ablate
the target and are transported to the substrate with some kinetic energy. In contrast to
an evaporator system, number of collision process occur which give rise to a possibility of
reactive sputtering. For example, a flow of nitrogen gas with an Al target, allows an AIN
film to be deposited (see appendix). Here RF sputtering is used to deposit insulating films,
where the deposition is part of a series capcitance — where changing the RF network does
not impact the deposition rate. Due to residual kinetic energy, there is better coverage of
material to the substrate, where a bi-layer PMMA lift-off recipe does not work as well as
the directional deposition (i.e. evaporation). Therefore, a thicker resist (three-to-one ratio of

the resist to the film thickness) is needed to lift-off using sputtering. Although sputtering is
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Figure 4.6: Prototype of optomechanical studies for mesoscopic supercon-
ductivity (a) Tilted SEM image to demonstrate the optomechanical torque sensing
platform via integration of a single mesoscopic aluminium disk (1.2 pm diameter,
45 nm thick) and a (b) zoomed image of the red box.

widely used for wide range of targets, the quality of the film is not comparable to evaporation

or chemical vapour deposition due to the difference in deposition pressure.

4.2.2.3 Prototype of superconducting disk NOMS torque sensor

For superconductor deposition, evaporation is used to ensure the quality of the film. How-
ever, the major problem does not originate from the deposition methods but the etching
process where BOE/HF-water mixtures etch aluminium and most magnetic materials. A
modification to the recipe is made to Fig. 3.3: prior to the CPD, an additional step is in-
cluded, where the chip was transferred to an acetone solution. Note that this procedure
is outlined in Ref. [85], where PMMA950k-A8 resist was added on the acetone droplet on
the chip to replace the liquid to the resist without ever drying. After spinning the resist,
writefield alignments were done on the already patterned alignment marks (four 1 pm x 1
um squares near to the centre of the write-field, see Fig. 4.1a). For this process, the visi-
bility during the alignment procedure was poor, due to the thick PMMA layer of 730 nm,
but increasing the box size to 5 ym made the alignment possible with great accuracy. A
high-purity aluminium (99.9999%) was deposited using a e-gun evaporation system. The
chamber was cryo-pumped overnight (2 x 10~7 Torr) to avoid oxidation during the depo-
sition process. After depositing 45 nm thick aluminium film, the lift-off was done in NMP
(N-Methyl-2-pyrrolidone) solvent for 1 hour at 80°C. After the resist was stripped, we trans-
ferred to IPA solvent to do the final step of critical point drying. Despite the best efforts to
handle the solvent-resist replacement process, most of the small gaps did not survive during
this step — yielding a small percentage of larger-gap devices (~10%). Although this method
works for most magnetic applications, a sensitive small gap structure needs an alternative

method. Fortunately, VHF does not attack most metals, including aluminium films, where
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we will see some examples VHF with iron and permalloy in the next chapters with full yield.

4.2.3 Optomechanics apparatus in a dilution refrigerator

Fortunately, the area of cavity optomechanics has seen remarkable success when integrated
into cryogenic environments and the number of low-temperature optomechanics are contin-
ually growing. Multiple architectures are now capable of cooling to the ground state either
directly through passive cooling [8; 105; 106], or in combination with optomechanical active
cooling [24; 107]. Yet, as we demonstrate later, the purpose of this study is to show that
only passive cooling is advantageous in relation to reducing the noise in an optomechanical
torque sensor. Hence the optomechanical apparatus must be carefully constructed to ther-
malize strongly to the mixing chamber, while minimizing thermal drifts at low-temperatures
— important for alignment procedure of of dimpled microfibres to an optical disk. The basic
layout of the apparatus was inspired by the straight-forward detection mechanism: the inci-
dent photons confined in an optical cavity probes torsional oscillations encoded in changes
of optical-pathlengths. To use the same fibre-based setup, the implication is not that sim-
ple as to simply change the translation stages to a low-temperature-compatible attocubes.
Re-engineering of the microscope to a fibre-bundle endoscope is just one example, shared
previously, of changes made to the apparatus. Here I will highlight our efforts to minimize
thermal contractions, while thermally linking on-chip devices to the baseplate of the mixing
chamber — which consequently allowed successful manoeuvrability of the dimpled fibre to

a particular device of choice.

4.2.3.1 Thermal contraction

Recall that one of the effective strategies to inject photons to the optical cavity was the
use of dimpled tapered fibres — where the smaller dimples (radius of curvature of ~ 30
pum) are now comparable spatially to the optical cavity (radius of ~5 pum disk). To replicate
the room temperature apparatus on the dilution refrigerator, the first step is to work with
materials that have low thermal contraction. As seen in Fig. 4.7a, the best material for low
thermal contraction is Invar (FeNi36), having ~ 0.05% contraction from 300 K to 4 K. After
the fibre-fork is machined, I secured a dimpled tapered fibre by applying a cryogenically
compatible epoxy called Tra-bond (Loctite bipax 2151), as pictured in Fig. 4.7b. Note that
the dimpled fibre was slightly detentioned ~ 30 pm during the gluing procedure to account
for the tensioning at low-temperature. The whole apparatus sits on a Invar plate (green
highlighted parts in Fig 4.7c) such that the fibre and the device have minimum thermal
drifts.
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Figure 4.7: Thermal expansions of various materials and our apparatus
(a) Thermal expansion coefficients of various materials as a function of tempera-
ture from 0 to 300 K (from Ref. [98]). For the materials used in our experiment:
1) Invar and glass, 7) copper, and 10) aluminium. (b) An Invar fork holds the
dimpled-microfibre using low-temperature-compatible glue, Tra-bond, with thermal
expansion between 10) and 11). (c¢) The base of the apparatus and the fibre-fork
mount were all machined out of Invar to minimize thermal contractions at low-
temperatures (outlined in green). Since we have the endoscope, we can account
for the contractions occurring at low-temperatures by having a certain offset prior
to cool-down. Hence, the tapered fibre is not visible in the (d) room temperature
case, but through thermal contractions the tapered fibre is clearly located using an
endoscope at (e) low-temperatures.
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The challenge is often locating the dimple at low-temperatures, despite the imaging system
from the fibre-bundle because the endoscope is fixed in x,y position and magnification. It
requires some trial-and-error to locate the dimpled tapered fibre after the cooldown. Here
the optimized magnification gives the image circle of ~ 850 pm in diameter, and we have
found an ideal position for the dimpled-microfibre: applying a 3/4 turn clockwise, using
a 6-32 adjustment screw (or ~ 590 pm), such that the dimpled fibre escapes at the top
of the image (Fig. 4.7d). Here a red HeNe laser is used to assist in this process, where
the scattering pattern, known previously (Fig. 4.9)c, is used to pin-point the dimple. After
cooling the apparatus, the fibre is in sight where we can move laterally to locate the dimple
with a red diode laser. The purpose of the red laser is to realize the scattering of the dimple
when touching the chip with the fibre.

4.2.3.2 Thermal conduction

Heat can be transferred by conduction, convection, and radiation; hence, the challenge is
to minimize external heatload, while the chip is thermally anchored to the base-plate. The
apparatus is located in a radiation shield inside the IVC where aluminium tape is used
to cover holes between plates to minimize radiation heating. Pumping-down the IVC with
a turbo-molecular pump (TMP) reduces convection heating from the dewar, while thermal
conduction is maximized for on-chip devices to the mixing chamber of the dilution fridge, the
sample chip is clamped onto a gold-plated oxygen free high-purity copper (OFHC) mount,
sitting on a stack of low-temperature-compatible nanopositioners, with thermal braids link-
ing them to the base-plate of the dilution refrigerator. With this set-up, we were able to
refrigerate down to 9 mK, comparable to the unloaded base-temperature of the fridge (6
mK).

4.2.3.3 Dimpled tapered microfibre in the dilution refrigerator

Our system is fully fibre-based, which aids in low-power optical measurements at the fridge
base temperature of 9 mK. To reduce the heat load from the long fibre, it is taped around
the plates multiple times down to the mixing chamber such that the fibre is cold as well
(Fig. 4.9a). After installation, as seen in Fig. 4.9d, there are some transmission losses during
the cool-down procedures, but transmission stays rather stable after reaching 4.2 K. There
are a total of four attocubes, low-temperature-compatible nano-positioners, where three are
responsible for z-y-z axis of the chip and the remaining one moves the fibre mount along
the fibre to find the dimple. With stable transmission, at low-temperatures, alignment has
been successful as seen in Fig. 4.9 where the lowest spot was placed on the fibre-racks (see
Fig. 4.1a). Note that the fibre-circuit, outside the fridge, is omitted as it is near-identical to

the room temperature case, as illustrated in Fig. 3.9a.
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Copper braids

Figure 4.8: Thermal conduction (a) High purity copper braids are used through-
out the fridge, even for our chip, to provide thermal pathways to its cold-plate.
Between the three nanopositioning stages and the chip holder, three copper braids
are mounted to the mixing chamber. (b) Two chips are firmly mounted on the
holder, made out of gold-plated OFHC, to minimize thermal contact resistance.
The top chip is the SOI chip for torque sensors and the bottom chip is a SiN chip
for other project. (c) For the next generation of chips, not used in this thesis, the
chip is gold-patterned around the devices to produce a better thermal conduction.

§ 4.3 RESULTS AND DISCUSSION

The torsional mechanical mode of the pluto device, at Q,, /27 = 14.5 MHz, has a low effective
mass [86], meg = 123 fg (geometric mass of 1.14 fg), and a low effective moment of inertia:
I = 774 fg-pm?. To measure the small angular motion of the device, we engineer a large
dispersive optomechanical coupling, G/2m = Jwcay/0z. The arms of the torsional resonator
arc along the optical disk over one sixth of the perimeter of the disk, resulting in G/27 = 1.4
GHz/nm, while reducing the optical absorption in the mechanical element as compared to

optomechanical crystals [17; 105]. In addition, the optical resonance at 1605 nm is strongly
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Figure 4.9: Dimpled microfibre system in a dilution refrigerator (a) A
schematic of the optical fibre system. A long spool of fibre is thermally anchored
to each stage of the fridge, and aluminium tapes are used to secure it in place.
The dimpled tapered fibre mounted on a Invar fork is fusion spliced at the bot-
tom such that the connection between the laser and the photodiode is made. (b)
A photograph of the assembly of the chip and the dimpled microfibre, where extra
caution was made to reduce the overhang such that the fibre does not touch the
IVC, avoiding heatload from the IVC wall. (¢) Microscope images of the dimpled
tapered-fibre used for the experiment: the top image transmits a red HeNe laser
where scattered spots were observed near the tapered region. The scale bar is 65
pm. (d) After mounting the fibre to the dilution apparatus, the IVC is closed with
an indium-seal. The transmission is monitored during the cool-down process. There
are some optical transmission losses during the one-day period, but transmission
remains constant after reaching a stabilized temperature at 4.2 K. (e) An example
of an endoscope image during the coupling procedure. Here we see a red scattering
on the fibre-rack, where it is touched, due to a red diode laser.
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Figure 4.10: Power dependence at 4.2 K Optomechanically measured thermal
motion of the nanomechanical torsional resonator in the presence of helium ex-
change gas. As the optical power injected into the device in increased, the photon
shot noise is reduced and the measurement imprecision drops below that corre-
sponding the standard quantum limit. Power (number of photons) in the optical
resonator corresponds to orange 21 yW (0.2 x10'% photons/s), yellow 57 uW (0.5
x10' photons/s), blue 103 yW (0.8 x10'® photons/s). Zero-point power spectra,
calculated from measured device parameters, shown as the green dashed line.

over-coupled, k., = 44 GHz and k; = 16 GHz, to reduce optical absorption. Due to the small

mass and low frequency, the zero point motion is relatively large at z,pr = \/R/2MeaQm = 66

fm. The resulting single-phonon coupling rate is go/2m = Gz,p¢/2m = 12 kHz, and the single
2

photon cooperativity is Cy = ;_“C’OF =2 x 10~*, which describes the efficiency in exchanging

photons and phonons in a optomechanical system. Here I am merely using the sensitive
transduction scheme without trying to manipulate the mechanics by optomechanical effects,

where a low cooperativity is desired for my application.

As mentioned previously, there are other designs on the chip: namely bow-tie, hatchet and
ring resonators. These devices also tend to have great torsional properties (see Table. 3.1);
however, two main results for the pluto devices at 4.2 K and at 17 mK are highlighted in

this chapter.
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Figure 4.11: Low duty-cycle measurement scheme When the device is thermal-
ized to the dilution refrigerator base-plate (17 mK) by copper braids, the heating
from a continuous laser (1605 nm) can be significant. To circumvent the resistive
heating from optical powers, we implemented a low-duty cycle measurement scheme
of 20 ms of data acquisition window followed by a 2 minute waiting period using a
voltage controlled variable optical attenuator (VCVOA). At each equilibrated tem-
peratures of the base plate using a PID controller, we averaged 20 ms of data over
an hour to get our mechanical spectrum.

4.3.1 Measurements at 4.2 K

First, we find that *He exchange gas is efficient (by convection cooling) to thermalize op-
tomechanical resonators at 4.2 K, even at high optical input powers [110; 91]. It is true
that the there is an upper limit on the input laser power, which may cause deformation of
the dimple, two-photon absorption in silicon, and heat-load on the mechanical oscillator;
however, with sufficient continuous power above P, > Psqr, = 8 pW, this device enables
measurement imprecision (or a constant noise floor) below the SQL, as shown in Fig. 4.9.
Here the torque sensitivity reached was 22 yNm/ VHz at 4.2 K which is already x22 smaller
than the room temperature sensitivity. In addition to torque sensitivity, this device displays
excellent displacement sensitivity of 0.5 fm/v/Hz.

4.3.2 The best achievable sensitivity at 25 mK

In contrast to dissipationless superconducting circuits of microwave optomechanics [24],
telecom wavelengths are bound to cause optical heating in the absence of exchange gas
[105; 106; 91; 116]. To avoid parasitic optical-induced heating at millikelvin temperatures
(with a small power of Pg;,=1.26 uW) we lowered the duty cycle of the optomechanical
measurement using a voltage-controlled variable optical attenuator, (VCVOA) we apply a

20 ms optical pulse (limited by the mechanical linewidth) while continuously acquiring AC
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Figure 4.12: Data at mK temperatures (a) Power spectral densities of the tor-
sional resonance at bath temperatures of 100 mK (red), 50 mK (yellow) and 17
mK (green) using low duty cycle measurements. (b) The integrated area under the
curve as a function of bath temperature for three trial runs. The coloured data
corresponds to the data in (a), where light and dark grey points are two additional
trials. With a low duty cycle measurement and heavy averaging, only three data
points can be obtained for each trial due to an existing slow drift in the system. The
minimum thermalized temperature is 25 mK. (¢) Calibrated angular displacement
spectrum of the torsional mode at 4.2 K (brown), 100 mK (red), 50 mK (yellow),
and 25 mK (green) with corresponding zero-point fluctuations at the SQL (blue).
(d) Calibrated torque sensitivities corresponding to (c¢) where dashed lines are the
resonant torque sensitivity, with a record of 2.9 yNm/v/Hz at 25 mK, just over a
factor of 10 above its fundamental quantum limit of 0.26 yNm/ VHz.

time-domain data, which were subsequently Fourier transformed. We then waited 120 s (cor-
responding to a duty cycle of 0.017%) to re-thermalize the mechanical mode to the bath. To
obtain sufficient signal-to-noise, this optical pulse sequence was repeated 100 times as seen
in Fig. 4.11. The averaged results are shown in Fig. 4.12, where we extract the mode tem-
perature by the linearity of the area under the mechanical resonance to the temperature at

the mixing chamber (Fig. 4.12b). The resulting averaged power spectral densities, as shown
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in Fig. 4.12a, are fit [86] to extract the area under the mechanical resonance, (§2?), which
is proportional to the device temperature. The mechanical mode temperature is confirmed
by comparing the linearity of the area under the power spectral densities with the mixing
chamber temperatures, as measured by the fast ruthenium oxide thermometer referenced
to the 9Co primary thermometer, Fig. 4.12b. We find that at the mechanical mode is well
thermalized to the bath temperature, until ~ 17 mK at which point the mechanical mode
limits to ~ 25 mK — corresponding to an average phonon occupancy of (n) = 35. The
limitation was a small systematic drift in the period of ~6 hours, where only three sequence

at a time could be obtained.

According to Eqn. 4.7, {(n) = 35 places the torque sensitivity a factor of six above the
fundamental quantum limit, when operating at the SQL. Yet thermomechanical calibration
of the displacement using the mechanical mode temperature reveals that the low optical
powers used to limit heating result in measurement imprecision above the SQL, Fig. 4.12c.
Specifically, we find that we have ~ 65 quanta of measurement noise — instead of the
ideal single quanta — dominated by measurement imprecision, placing these measurements
approximately ten times above the standard quantum limit. Nonetheless, calibration in
terms of torque sensitivity, 4.12d, reveals that at temperatures below 100 mK we reach ~ 3
yNm/ vHz, more than a 260-fold improvement over previous generations of torque sensors
[48; 70] and more than 160-fold improvement from the room temperature sensitivity of the

same device.

To give some idea of what a torque sensitivity of 2.9 yNm/v/Hz enables, imagine an
experimental scenario as in Refs. [117; 2], where the torsional mode is driven on resonance
by an AC magnetic field, H, orthogonal to both the magnetic moment of the test sample
and the torsional axis, 7 = m x H. A reasonable drive field of 1 kA/m would imply the
ability to resolve 325 up, where up is the Bohr magneton, or the moment of an electron

spin.

§ 4.4 CONCLUSION AND OUTLOOK

Excitingly, this sensitivity allows unleashing the advanced toolbox of mechanical torque
spectroscopy [29; 47; 2] on mesoscopic superconductors, previously limited to static mea-
surements of bulk magnetization via ballistic Hall bars with ~ 103up sensitivity [118]. As
a first step in this direction, we show in Fig. 4.6 a prototype optomechanical torsional res-

onator with a single micron-scale aluminium disk integrated onto its landing pad, fabricated
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via secondary post-release e-beam lithography [85]. Room-temperature optomechanical mea-
surements of devices with integrated aluminum disks in this geometry reveal that neither
the optics or mechanics are degraded by the presence of the metal. Future integration of bias
and drive fields into our cryogenic system will enable measurements of the dynamical modes
[2] of single superconducting vortices [119], and even paramagnetic resonance of trapped
electrons in the silicon device itself. With this near-quantum limited torque sensitivity, one

can imagine a host of new experiments forthcoming.



- Chapter 5 -

MAGNETIC ACTUATION AND FEEDBACK COOLING
OF A CAVITY OPTOMECHANICAL TORQUE SENSOR

Our virtues and our failings are inseparable, like force and matter. When they separate, man

18 no more. - Nicolai Tesla

Following up on the optomechanical torque sensor at low temperatures — yielding remark-
able torque sensitivities of 2.9 yNm/ VvHz thermalized at 25 mK, the next logical step is to
demonstrate the application of hybrid optomechanical systems, namely torque magnetome-
try, to elucidate properties of nanoscale magnetism. Although I have successfully fabricated
a prototype of aluminium-embedded optomechanics, which are of special interest for meso-
scopic superconductivity studies, incorporating orthogonal magnetic fields was not available
at the time. Here, I studied the classical signature of a ferromagnetic system, where torques
are generated for a magnetized sample in a magnetic field. From this, our optomechancial
system shows great field sensitivity of 150 nT /+/Hz and that we can extract material proper-
ties of an iron film. Mathematically, the responsiveness of the torsional resonator to magnetic
actuation is simply,

T=m X uoH, (5.1)

where m is the magnetic moment and pg is the vacuum permeability, and H is the external
magnetic field. Maxmimum torque occurs when the magnetization is orthogonal to the field
direction. Rather than using an external DC field, the iron film is magnetized during its
deposition step and is shaped as a high-aspect-ratio needle to sustain magnetization along
x axis. By driving the AC field in the z-direction a torque is generated toward y, where our
sample is designed to detect this torque (recall in Fig. 1.1a). Consequently, our system is a
great field sensor and is a great platform to study material properties of magnetism. Also

in a feedback-loop, I was able to demonstrate active-damping of the torsional mode down

79
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to 12 K, proving the point made previously, that active cooling does not improve its torque
sensitivity. I acknowledge that this device is not the first optomechancial field sensor [49],
but it is the first torque magnetometer ever made with cavity optomechanics. This chapter

is based on the manuscript [120].

§ 5.1 INTRODUCTION

While the field of cavity optomechanics has enabled remarkable advances in measuring and
manipulating nanomechanical resonators at, or approaching, their quantum limits [24; 58],
the most attractive applications of optomechanics require integration with one or more
additional systems [121]. For example, the first definitive test of quantum behaviour in a
mechanical resonator was enabled by integration with a superconducting qubit [8]. Further
experiments have demonstrated coupling between optomechanical resonators and atomic
gases [122], superfluids [116], and magnetic materials [49; 22], with the possibility of cou-
pling to small numbers of spins [123; 124; 125; 126] and even biological samples [127]. Such
hybrid systems are potentially the key to microwave to telecom wavelength conversion at
the quantum level,[128] and enable ultra-sensitive measurements of nano- and mesoscale

samples [2].

Unfortunately, most optomechanical systems are not amenable to integration with exter-
nal samples. For example, two of the most impressive architectures for cavity optomechanics
— the optomechanical crystal [58] and the superconducting membrane [24] — are particularly
difficult to directly integrate with condensed matter systems. In an optomechanical crystal,
the optical mode significantly overlaps with the mechanical motion [58] — providing good
optomechanical coupling but difficulty in placing a secondary system onto the mechanics
without adversely affecting the optical mode. Likewise, the membrane resonators used with
superconducting microwave cavities have extraordinarily small capacitor gaps and are highly
tensioned [24], neither of which are compatible with integration of an additional condensed
matter system onto the mechanical membrane. There remains a need for carefully-designed
structures to allow for useful hybrid integration, such as the open geometry of 3D microwave
cavities [129], fabrication out of the condensed matter system under study [123; 125; 126],
or — as we use here — a modular structure of separate optical and mechanical components

with tailorable coupling.

Here, we demonstrate integration of a mesoscale ferromagnetic needle with a cavity op-

tomechanical resonator, and show that this hybrid system can be used for magnetic field
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sensing, with a thermal limit of 0.12 A m~! (150 nT); quantitative determination of the
magnetization of the needle; and magnetic feedback cooling of the mechanical mode from
room temperature to below 12 K — representing the first demonstration of feedback cooling

with a magnetic cavity optomechanical system.

5.1.1 Torque magnetometry

I have a keen interest in torque magnetometry for on-chip devices. In some situation, low
frequency micromechancial cantilevers achieved better stability and resolution for atomic
force microscopy and scanning probe microscopy in ambient or in liquid environment using
positive feedback (or amplification), where the resolution in mass sensing for biological
or chemical sensors improved [130; 131]. As precision measurements are essential to our
understanding of fundamental laws, such as magnetism, this device has been engineered to
drive the torsional mode effectively, and to test the feedback technique to manipulate the

amplitude of the torsional mode.

§ 5.2 EXPERIMENT

5.2.1 Hybrid device design

One of the main considerations in the design of hybrid systems is taking advantage of
the best properties of the individual systems, without sacrificing their performance during
integration. Hence, we have chosen to directly integrate a magnetic structure onto our
mechanical resonator. The architecture of our magneto-optomechanical system is shown
in Fig. 5.1. The mechanical structure, with a low effective moment of inertia (see Fig.
1b), is separated from the evanescent field of a WGM optical cavity by an 87 nm vacuum
gap. A platform for the magnetic sample was designed near the end of the torsion arm,
amplifying the magnetic actuation of the torsional resonator [68], yet is sufficiently far from
the evanescent field of the WGM such that its optical properties are unaffected (Qopr= 5.3 X
10*). One main difference is the shape of the magnetic structure, needle instead of the disk,
to preserve magnetization in a preferential direction. On this platform we have deposited
a ferromagnetic sample, which enables the mechanical motion to be driven, amplified, or

dampened, by an AC external magnetic field.

The simulation in Fig. 5.1c shows agreement of torsional mode at 7.2 MHz, where we

extracted the effective mass (meg = 0.45 pg) and the moment of inertia (I = 4.4 pg-um?).
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Figure 5.1: Design of a hybrid iron-needle torque sensor (a) Scanning electron
microscope (SEM) image, tilted to 70 degrees, shows the optomechanical torque
sensor, integrated with a magnetized Fe-needle deposited near the torsion-arm. The
tri-layer of Cr, Fe, and Cr has a total thickness of 83 nm (4.39 nm long and 410 nm
wide) as seen in the (b) cross section. (c¢) Simulated torsional mode at 7.2 MHz can
be driven by out-of-plane magnetic fields as a resulting torque along the torsion rod

(y-axis).

The device in Fig. 5.1a shows the best device, where the diameter of the microdisk was 8.8
pm, and the torsion arm encapsulates the microdisk by an angle of 86 deg (or 1.5 rad).
The Fe-needle has a length of 4.39 pym and a width of 0.41 pm and is placed as near to the

optical disk without affecting the optical scattering from the evanescent field.

5.2.2 Nanofabrication

Two unique features are added to the previous recipe: magnetizing the iron film during the
deposition, and the use of VHF to avoid the wet-etch problem of magnetic films. Starting
with a 250 nm SOI chip, two EBL steps were involved: first, to pattern the silicon device
using the same recipe mentioned previously. This is followed by a second EBL process, with
careful alignment, in order to define area for subsequent metal deposition. Electron-gun
evaporation was used to deposit an 83 nm thick trilayer of Cr, Fe, and Cr. The purpose
of the first 8 nm thick Cr layer is for adhesion to the silicon, whereas the last Cr layer, of
equal thickness, serves as a capping layer to protect the iron from oxidation. During the
deposition, a rare-earth magnet (NbFeO) was placed directly underneath the 5 mm x 10
mm SOI chip to preferentially orient the iron magnetization direction along the length of
the needle (z-axis in Fig. 5.1a). The magnetic field strength at the position of the device
during deposition was measured to be 94 kA m~!.
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PMMA
a) bi-layer EBL

Figure 5.2: Iron-needle fabrication (a) Beginning with a silicon-on-insulator chip
with device thickness of 250 nm, fabrication has two main e-beam lithography steps.
First e-beam lithography is used to pattern the optomechanical layout as outlined
in Fig. la using a positive ZEP520a e-beam resist and a 30 kV e-beam lithography
system (RAITH-150TWO). Following a plasma etch (ICP-RIE), a second e-beam
lithography process, with careful alignment, patterns a PMMA bi-layer resist in
order to make windows for metal deposition. An e-gun evaporator was used to
deposit series of Cr, Fe and Cr. The purpose of the first Cr layer, 8 nm in thickness,
is for adhesion, where the last Cr layer, with equal thickness, is a capping layer
to protect Fe from oxidation. A careful deposition took place in a electron-gun
evaporation system in a low vacuum of 1.2x10~7 Torr. A permanent magnet is
placed underneath the 5 mm x 10 mm chip during the deposition of Fe (99.9999%)
to permanently magnetize the iron. After a lift-off process in N-Methyl-2-pyrrolidone
(NMP) solvent, the chip is placed in a vapour HF system (MEMStar Vapour HF)
to etch the sacrificial layer (SiO2) - avoiding the problem of stiction and Fe-etch.
Note that this was a modified process over Ref. [85] to better handle small gaps
and achieve better alignment through the use of the VHF etcher. Consequently,
this improved method has full yield on all of the devices. (b) A tilted view of the
optomechanical structure is shown with scale bar of 2 um.

After lift-off of the PMMA and deposited metal using N-Methyl-2-pyrrolidone (NMP),
the chip is placed in a vapour HF system (MEMSstar) to etch the sacrificial SiOy layer.
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b)

5mm

Figure 5.3: Iron deposition (a) A picture of inside of the e-beam evaporator,
where the sample is mounted on a rectangular cuboid permanent magnet. The
chip is oriented such that the film is magnetized along the needle design. (b) The
iron source on a copper crucible, heated via magnetically steered electron gun to
evaporate the material. (c) The tri-layer of 83 nm Cr-Fe-Cr is deposited on the chip,
ready for a lift-off process.

Use of the HF vapour etch, instead of a buffered oxide etch, simultaneously avoids both

problems of stiction and etching of the iron sample.

5.2.2.1 Fabrication recipe for hybrid NOMS

10. Resist spin

e Place the chip on the smallest chuck in the Laurell spinner in the fumehood

(Brewer spinner also works)
e Put 2 droplets of PMMA495k-A2 on the chip using a pipette such that they are
contained on the chip without spilling on the edges
e After waiting 1 minute, spin the resist using the recipe "PK_PMMA”
— spin: 500 RPM, ramp: 100 RPM/s, time: 10 s
— spin: 4000 RPM, ramp: 350 RPM/s, time: 45 s



CHAPTER 5. IRON-NEEDLE OPTOMECHANICAL TORQUE SENSOR 85

b)

N
o
T
1

15| ]

§ Etch starts  Etch ends
310 f \v

0 2000 4000 6000 8000
Time (s)

Figure 5.4: VHF system at nanofab (a) A photograph of the vapour HF etcher,
Memsstar Orbis Alpha, where the chip is placed inside the chamber to etch-release
the torsional structures without damaging the iron film. (b) An IR detector mon-
itors the by-product of the etched material (SiFy) where the uniform etch-rate is
performed throughout the 9000 s. Due to the small chip used, the count-rate is low
but discernible from start to finish.

Inspect the back-side of the chip (soak cleanroom-compatible Q-tips with ace-

tone/IPA to wipe out excess resist on the back-side

Bake the chip at 180°C for 5 minutes followed by a 2 minutes waiting period
(cool-down/hydration period)

Repeat the spin/bake process for PMMA950k-A2 resist
This should give a total thickness of ~ 120 nm near the centre (~ 55 nm each)

Depending on the desired thickness for deposition, four layers can be used, two
PMMA450k-A2 layers followed by two PMMA950k-A2 layers, which gives total
thickness of ~ 190 nm (~ 95 nm each)

11. EBL (post-alignment)

Scratch the bottom left corner of the chip using a diamond tip prior to loading
in RAITH-150Two

Temporarily, define the bottom left corner (U,V) = (0,0) and perform an angle

alignment

Focus on a particle near the scratched corner with 10 kV EHT (accelerating

voltage) and 10 pm (aperature)

Perform a write-field alignment until four zero’s or nine’s are obtained
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Perform a three-point-alignment (U,V,W) in local coordinates

— For example, corners of the 1000 ym x 1000 pm design outline was used
(0,0), (880,60), and (60,980) for the file in the appendix

e Record the beam current in units of pA (~ 19 pA)
e Set dose at 170 uC/cm?
e Adjust the curve-step as 10 nm and area-step as 20 nm

e Run the position-list file (.pls format), which includes layer 63 boxes for beam-
alignment (four 1 pm x 1 pm near the centre of the write field, followed by

exposing each write field GDSII layout file (.csf format)

— This step is similar to the writefield alignment on a particle, except that the
layer 63 squares are manually aligned to the patterned boxes (the method in
Ref. [85] requires larger alignment boxes, 5 pum squares, to resolve features
of a thicker PMMA resist)

e Develop in MIBK:IPA (1:3) for 60s, followed by IPA for 20s, and final rinse in
DH>O for 15s

12. e-gun evaporation (CCIS phasel L1-330 Prof. Meldrum’s lab)

e Base pressure: 2.9 x10~7 Torr

e Cr deposition

Target: 7 nm
— Rate: 0.5 A/s
— Pressure: 9.0 x10~8 Torr

— Current: 0.05 A

e Fe deposition

Target: 45 nm
— Rate: 0.4 A/s
— Pressure: 1.2 x1076 Torr
— Current: 0.14 A
e Cr deposition: same as the first layer
e Between each deposition, 1 hr cool-down was needed to not heat the sample

e Because the chip was mounted on top of the NdFeB magnet, as seen in Fig. 5.3c,
to magnetize the sample during evaporation, the deposition rate was faster than
the thickness monitor — giving a total thickness of (83 £+ 8) nm, instead of 44
nm in this case (from Alpha-Step 1Q)
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13. Lift-off
e Soak the chip in acetone for 45 min, where the bulk of iron is removed by a gentle
stir
e Final cleaning in heated NMP at 75 °C for 30 min, followed by a 30 min room-
temperature NMP (fresh solution)

e Here a magnetic stir-bar is not used as it strips the iron film destructively
14. VHF (MEMSTAR)

e Processed for 2 hrs and 30 min

HF rate: 40 sccm

— Ny rate: 20 sccm
— H50 rate: 5 sccm
— Pressure: 12 mTorr
e Note that the vapour etch, by nature, is not very uniform compared to the wet-
etch, where increasing the etch rate (increasing HoO rate and decreasing VHF
rate) gives very erratic profile; hence, the etch rate is kept low at ~ 20 nm/min

to keep consistent undercut throughout the chip (see Fig. 5.2b)

Parameters \Pump N, HyO/HF Ramp Main-etch Purge

Pressure (Torr) | 0.5 15 30 11.5 12 15
Ny (scem) 10 20 20 20 20 50
H50 (sccm) - - 5 5 5 -
HF (sccm) - - 40 40 40 -

Table 5.1: The etch parameters for Memsstar orbis alpha were selected such that the
rate is moderate (~ 20 nm/min), allowing a somewhat-uniform etch throughout the
chip. Consequently, the yield is near perfect since the alignment can be done prior
to the oxide etch rather than after. Note that the purge steps in the beginning and
at end are there to ensure safety in handling toxic gases. After the introduction of
VHF, 9000 seconds are processed for < 3 pm etch. Here a default step of field-etch
is omitted for consistency and uniformity

This processflow is a modified recipe over Ref. [85], which gives a better method for ease
alignment by substituting VHF in place of wet-etch. By doing so, the lift-off process can be
done prior to the undercut, where the yield is nearly 100% since the SOI heterostructure
is intacted during the lift-off. In addition, the bi-layer e-beam resist can be coated much
thinner, giving a better contrast during alignment. The above recipe begins with step 10,
where steps 1 through 9 follow the exact recipe in Sec. 4.3.2.1. One of the advantages, as
we will see later, is that the VHF does not degrade the quality of the magnetic film. The
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four parameters, pressure, oxygen, nitrogen, and HF, were tested to control the etch rate
of the buried oxide. The IR detector inside the VHF chamber detects the amount of SiFy4
generated by the etch as a monitoring process, shown in Fig. 5.4b. Since we are using a small
10 mm X 5 mm chip, the volume of the chemical product is extremely small compared to a
full wafer — making it harder to resolve the etching process. However, as indicated by a nice
flat line in Fig. 5.4b, the etch process is stable and slow. Here, I have removed the field-etch
step, a default process prior to the main-etch to remove native oxide, which sometimes cause
inconsistent results by the blast of field-etch. As long as the chip was immaculate prior to
VHEF, the results were highly consistent for the same recipe. Specific steps and parameters
used for the etch is listed in table 5.1. It is also worth mentioning that the metallic needle
cannot be designed arbitrarily long, as the stress induced during deposition, despite the best

efforts to minimize heat, causes deformation of the silicon resonator, apparent in Fig. 5.2.

5.2.3 Experimental apparatus

Our experimental apparatus follows the same optomechanical tune-to-slope detection scheme
demonstrated previously [48; 68] with the exception that we added microwave transmission
lines to apply magnetic fields in the system, allowing feedback control to the torsional mode
as illustrated in Fig. 5.5a. A dimpled tapered fibre, comparable to the previous fibres (radius
of curvature of 70 pm) touches the optical microdisk for stability and over-coupling [89]. All
of these components, including a printed-circuit-board (PCB) with two axes of orthogonal
magnetic drive coils (Fig. 5.5b) [2], are housed in a room-temperature optical-access vacuum
chamber of 10~° Torr. While coupled, the AC signal from the photodiode gets amplified and
power-split (50:50) to the DAQ and to the feedback loop, passing through a band pass filter
(6.7 ~ 11 MHz) and a 37 dB amplifier. We calibrate the total phase of our system using a
reference output from the high-frequency lock-in amplifier (Zurich Instruments HF2LI). The
lengths of the cable were adjusted accordingly to control the feedback phase. The lock-in

amplifier can also drive ac currents through the z-axis excitation coil.

§ 5.3 RESULTS AND DISCUSSION

The device presented here has an optomechanical coupling of gy = Gz,pr = 38 kHz, where
the mechanical zero-point fluctuations are given by z,,f = 51 fm. The reasonably large g
enables measurement of the mechanical motion down to an imprecision noise-floor of 25 fm
Hz~1/2. Tt is worth noting that, despite the reasonably large g of our device, optomechanical
damping is insignificant compared to feedback damping. For example, at the highest optical

powers used here, feedback cooling results in an increased dissipation of ', /21 = (Tior —
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a)

Figure 5.5: Magnetic-needle apparatus (a) The schematic of the optomechanical
transduction and the feedback apparatus using the transmission lines. The phase of
the feedback signal is calibrated by the lock-in amplifier and is varied by the length
of the coax cable. (b) A photograph (left) and simulation (right) of the out-of-pane
magnetic field along the z-axis at the top surface of the device chip, with 1 mA
of applied current. The device position is indicated by the black square, chosen
for large field strength and relative field uniformity. (¢) A photograph inside the
chamber depicts the contents inside the vacuum chamber: the optomechanical chip,
the PCB drive chip, and the dimpled tapered fibre.

TI'y)/2m &~ 27,000 Hz, whereas the maximum optomechanical damping that is possible is just

Tom/2m = 29 Hz for our device parameters [57].

5.3.1 Magnetic actuation

As seen in Fig. 5.1a, the magnetic moment is along the z-axis. We apply an orthogonal ac
magnetic field along the z-axis that generates a torque along the y-axis, i.e. the torsional axis
of the resonator. We first characterized the linear driven response without any feedback using
the device shown in Fig. 5.1a. The output current from the lock-in amplifier was calibrated to
the out-of-plane magnetic field (H ) using a Tektronix CT-2 current probe and then swept
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Figure 5.6: Magnetic actuation and sensing (a), Amplitude of the thermo-
mechanical (grey) and magnetically actuated (coloured) torsional resonance, with
corresponding phase of the driven traces. Colours in (a) correspond to the drive
magnetic field plotted in panel (b), which shows the relationship between the peak
mechanical signal amplitude (left axis) and calibrated torque (right axis), versus
the magnetic drive. The grey band represents the thermomechanically-limited min-
imum field sensitivity of 0.12 A m™!, corresponding to a thermal torque of 32 zZNm.
Inset, with the same axes, shows the deviation of the continuously-measured peak
response (purple) from the linear fit extrapolated from low-field (dashed). Above
25 A m~! the optical resonance is shifted due to heating from the drive chip.

in frequency with a bandwidth of 100 Hz to obtain a raw mechanical spectrum, and its phase
response, Fig. 5.6a. The linear relationship of peak amplitude as a function of mechanical
frequency still continues until 25 A/m (31 uT), shown inset to Fig. 5.6b, where the drive
chip starts to heat the optomechanical chip causing the optical resonance to drift. The
minimum field sensitivity, limited thermally, was 0.12 A/m (150 nT) out-of-plane, which is
on par with the microtoroid optomechanical magnetometer [49]. In addition, the properties
of the magnetic film can be inferred by calibrating the field-driven torque as a function of
known magnetic fields to extract magnetic moment from its slope. The responsivity (slope)
is 168 + 2 urad/(A/m). Note that lowering the temperature of the resonator would improve
its dynamic range and sensitivity [68]. As we can see in Eqn. 2.20, such an improvement
stems from both the lowering thermal torque noise and the intrinsic damping rate at low
temperatures, although the exact mechanism for decreased mechanical damping is complex
[132].

Using the thermomechanical calibration method outlined previously, we determine the

measured thermal torsional motion of the mechanical resonator, and hence the thermal
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Figure 5.7: Magnetic simulation Simulated magnetization (normalized to M)
hysteresis with in-plane domain structure at circled points. At high fields the needle
is nearly saturated, with triangular domains at each end. As the field is lowered these
domains move towards the centre, reducing the net magnetization. For a uniform
iron film (green trace) at zero field, the remanent magnetization corresponds to 79%
of the saturation moment. Adding polycrystalline grains, as shown above the panel,
increases the remanent magnetization to 85%, as seen in the purple trace.

torque applied to it. The right axis of Fig. 5.6b shows the calibrated torque measured
at the mechanical resonance frequency, with a minimum (thermal) torque of 32 zNm. In
addition, the straight line fit to the data in Fig. 5.6b using Eqn. 5.1 allows extraction of
the total magnetic moment of the ferromagnetic needle, |m| = (2.06 £ 0.02) x 10713 Am?,
or equivalently, (2.22 £ 0.02) x10'up. Taking into account the measured volume of the
iron portion of the needle, V = (1.21 £ 0.09) x10~!? m3, we find a magnetization, M of
1710 £ 140 kA/m. This is an excellent agreement with the room temperature saturation
magnetization of bulk iron, MI°" = 1710 kA/m [133]. Furthermore, the large measured
magnetization suggests that domain wall pinning — resulting from polycrystalline grains —
plays an important role, as it serves to increase the remanent magnetization above that of

a uniform film.

5.3.1.1 Magnetic simulation

Here, I acknowledge the work of Fatemeh for her simulations, where a GPU-accelerated open-
source program, mumax (version 3.9), was used to simulate the zero-temperature properties
of a ferromagnetic needle with the as-fabricated dimensions of 4390 x 410 x 67 nm?® and
the bulk properties of iron: exchange stiffness constant Ao, = 13.3 pJ m~! and the T' = 0
saturation magnetization My = 1740 kA m~? [133], with a cell size of 10x 10x 6.7 nm?. While
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Figure 5.8: Magnetic feedback cooling and self-oscillations (a) The total dis-
sipation, Tyt /27, as a function of phase in the feedback loop, shows excellent agree-
ment with a fit to Eqn. 5.2 (blue curve). The optical power is 4.1 yW at the device.
Error bars represent the standard deviation in the phase noise, as measured by the
Zurich lock-in amplifier. Maximum damping occurs at —m/2, and self-oscillation
occurs for measured phases greater than zero (brown). The grey horizontal line
shows the intrinsic dissipation, I'; /27 = 930 Hz, identical to the total dissipation at
¢ = 0. (b) The same colour-coded data represent in terms of calibrated displacement
spectral densities, for ¢ < 0.

the simulation does not take into account the effects of temperature, hence the T'= 0 value
of the saturation magnetization is used, at room temperature the saturation magnetization
is expected to be reduced by 2% to 1710 kA m~! due to spin waves [134]. Magnetocrystalline
anisotropy is neglected on account of the large aspect ratio, which makes shape anisotropy

dominant [135].

The hysteresis loop starts at a large positive field, 80 kA m~!, and the field is swept to
—80 kA m™!, finally returning to the original positive field. A portion of the hysteresis loop,
from -40 to 40 kA m~! is presented in Fig. 5.7. Hysteresis loops were simulated for both a
uniform film, and one with a polycrystalline grain size of 40 nm, with a random variation
of My by +£10%. The insets to Fig. 5.7 show the corresponding magnetization states at +

20 kA m~! for a granulated structure.

5.3.2 Feedback damping and amplification

Beyond using an AC current source for magnetic actuation, we can also use the measured
mechanical signal to amplify or dampen the resonator motion. This type of feedback has
been used in the cantilever sensing community, where amplification allows cantilever motion

to be detected in highly damped conditions such as liquid environments [131]. When lower-



CHAPTER 5. IRON-NEEDLE OPTOMECHANICAL TORQUE SENSOR 93

ing the mode temperature, it is important to note that feedback cooling (or amplification)
cannot increase the torsional sensitivity of the resonator, as the quality factor compensates
the reduction of temperature. To test the performance of feedback amplification and cool-
ing in our magneto-optomechanical system, we implement the scheme shown in Fig. 5.5a.
Half of the ac signal, measuring the thermomechanical motion, is sent to a high-frequency
data acquisition system, while the other half is phase shifted, bandpass filtered around the
mechanical resonance of interest, and amplified, before being sent to the z-axis drive coil.
Here, a lock-in amplifier is used to calibrate the total phase in the system. The phase shift
is particularly important, as can be seen from the equation of motion for a damped, driven
harmonic oscillator subject to a feedback force. From Eqn. 2.30, the first term on the right
hand side, 7ty /Lo, is proportional to the thermal force acting on the mechanical resonator,
while the second, —gg,I'e?(#+7/2) (9+0;1), is related to the applied feedback force. Here gg, is
the gain of the feedback loop, ¢ is the measured phase difference between the drive and the
displacement, and z6, is the measurement noise [136; 137]. The resulting total mechanical

dissipation can therefore be written as
Tiot = Ii(1 + gm, cos(¢ + 7/2)). (5.2)

The phase controls whether the feedback gain results in cooling (¢ = —n/2), amplification
(¢ = w/2), or does not modify the damping rate (¢ = 0). In Fig. 5.8, we show how the
measured dissipation, ['iot, is affected by the phase in the feedback loop. These measurements
were performed with a moderate optical power of 4.1 uW at the microdisk, resulting in a
feedback gain of gs, = 7.4 = 0.1, extracted from fitting Eqn. 5.2 to the ¢ < 0 data in Fig. 5.8a.
We note that the gain was kept moderate in these measurements to prevent overloading of
the electronic components in the region of feedback amplification, ¢ > 0 data in Fig. 5.8a,

where the mechanical linewidth narrows and results in induced self-oscillation [138].

5.3.3 Limits on active cooling

To demonstrate our full feedback cooling efficacy, we increase the optical power at the
microdisk to 18 W, which results in a shot-noise-limited noise floor of \/@ = 25 fm
Hz~1/2. This optical power produces our largest feedback gain, as shown in Fig. 4, increasing
the total dissipation from T';/27 = 930 Hz (Qm = 7,760) to T'iot/27m = 28,000 Hz (Qn =
260). Evaluating Eqn.5.2 at ¢ = —m/2, a quantitative value for the feedback gain can be
determined as g, = Tior /T3 — 1 = 29. Furthermore, we can infer the reduced mechanical

mode temperature using the relation: [110; 136]

o QQ Fi QSimp 1
be:<T+mff m_ 19tz )

4kp 1+gm’
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Figure 5.9: Optimal feedback cooling and torque sensitivity (a) Increasing
the power in the optical cavity enables sensitive mechanical transduction, lowering
the imprecision noise floor to 25 fm/v/Hz (orange trace). The theoretical minimum
temperature achievable with this noise floor is 8.6 K, and with a feedback phase of
—m/2 and a feedback gain of 29 we find we are able to cool to 11.6 K (blue trace). (b)
The calibrated torque sensitivity before (orange) and after (blue) feedback damping
to a Qp, of just 260. Dashed traces correspond to torque sensitivities in the absence
of thermal noise, which is given by the grey line. The device maintains a minimum
torque sensitivity of 0.6 zNm/Hz, regardless of whether or not feedback is applied.

for which we find we can cool from room temperature to a value of T, = 11.6 + 0.1 K. Note
that the second term in Eqn. 5.3 arises due to the fact that feeding back imprecision noise
onto the resonator will act to heat the mechanical mode. The reduced mode temperature
calculated from Eqn. 5.3 is in reasonable agreement with that determined from the relative
areas under the power spectral densities, which gives a mode temperature of 13.17 + 0.02
K.

Comparing with the theoretical minimum achievable temperature using feedback cooling,

which for high-temperatures (kg7 > i),) and large gain (gg, > 1) is given by

[ e Q2 Ty TSP
T = M’ (5.4)
kB

we find Th;n = 8.6 K for the values reported here. Note that this minimum temperature

would be reached at a feedback gain of

4kgT
9b,opt = 4| m7 (5.5)
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providing the optimal balance between cooling the mechanical motion via the cold damping
feedback force and heating by feeding noise back onto the mechanical resonator. We calculate
gb,opt = 68 using the experimental parameters from the data in Fig. 5.9, approximately a
factor of two above the measured value. The result is a reduced temperature 3 K above the

fundamental limit for the experiment performed here.

It is worth noting that, as stated earlier, the torque sensitivity is not improved (or substan-
tially degraded) by feedback cooling. We show in Fig. 5.9b the calibrated torque sensitivity
using the room temperature data before cooling, and after cooling (damping) the torsional
mode to 11.6 K. Despite dramatically different dissipation rates and mechanical mode tem-
peratures, they have identical torque sensitivities, with a minimum value of 0.6 zZNm/ VHz -
a factor of two better than the only other room temperature cavity optomechanical torque

sensor with an integrated nano-magnetic sample [22].

§ 5.4 CONCLUSION AND OUTLOOK

In summary, we have successfully integrated a ferromagnetic sample with a cavity op-
tomechanical torsional resonator. First, we used this magneto-optomechanical system as
a magnetic field sensor with a linear response from 150 nT to 31 uT, and a responsivity of
0.134 + 0.003 rad/mT. Next, we quantitatively determined the magnetic properties of the
magnetic sample, showing the potential of this system for studying mesoscopic condensed
matter samples. And finally, we showed that using magnetic actuation, the resonator mo-
tion could be driven into self-oscillation or cold-damped to below 12 K. Future experiments
could extend measurements to high frequency using torque-mixing [2], low temperatures for
superconducting samples and enhanced sensitivity [68], or explore quantum spin tunnelling

[139] and exotic magnetic excitations such as those in topological systems [140; 141].



- Chapter 6 -

BROADBAND OPTOMECHANICAL TRANSDUCTION
OF NANOMAGNETIC SPIN MODES

An expert is a person who has made all the mistakes that can be made in a very narrow
field.
- Niels Bohr

A vortex structure involves a physical parameter that is curling around a singular core and
is widespread in nature: a turbulent flow in liquid, order parameter of type-II superconduc-
tors, matter density of black holes, and magnetization in two-dimensional ferromagnets. The
stable magnetic vortex state, unlike the other examples, can be carefully studied and con-
trolled in an experimental setting as long as the sample is in a ordered state (i.e. below the
Curie temperature) and the thickness is much less than the diameter of the ferromagnetic
disk. Magnetic vortex is one of the most interesting and potentially useful phenomenon
in nanomagnetism [142]. A variety of tools have been applied to study the vortex state,
and collective spin excitations corresponding to harmonic motion of the vortex, but to-date
these tools have measured either strongly driven vortex resonances or have been unable to
simultaneously measure static properties such as the magnetization. Here we show that by
combining the sensitivity of cavity optomechanics with the technique of torque mixing res-
onance spectroscopy, we are able to measure the magnetization, in-plane susceptibility, and
spin resonances of individual vortices in the low-drive limit. These measurements elucidate

the complex behaviour of the vortex as it moves through the pinning landscape of the disk.
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§ 6.1 INTRODUCTION

Torque magnetometry enabled by micro and nanomechanical resonators has proven to be one
of the most useful probes of nanomagnetism. Torsional resonators have allowed the observa-
tion of such a phenomenon as real-time creation and annihilation of single magnetic vortices
[117], Barkhausen noise from a single defect [47], mechanical ferromagnetic resonance spec-
troscopy [143], and collective spin modes using the technique of torque mixing resonance
spectroscopy (TMRS) [2]. Adding to this the sensitivity of cavity optomechanics, which
allows thermomechanical torsional motion to be observed from room temperature [48; 22]
down to millikelvin temperatures [68], has the potential to uncover new physics, particularly
in the stochastic domain, of nanomagnetism. Here we show that by using a cavity optome-
chanical torque magnetometer [48] optimized for torque mixing resonance spectroscopy, we
are able to observe spin modes in magnetically-soft permalloy disks above 1.1 GHz. By
comparing with micromagnetic simulations and direct-torque susceptometry measurements
[22], we show that these modes are consistent with the gyrotropic mode [144]-[148] of the
vortex sampling the disorder potential of the polycrystalline magnetic disk [47; 149].

Importantly, we are able to track these spin modes at all frequencies, that is we see no
drop-outs in the spin resonances, which allows us to follow the behavior of the vortex as it
traverses the disk. In future studies, it should be possible to work backwards from these spin
modes to recover the energy landscape of the magnetic structure [47]. We also note that this
work amounts to conversion of UHF (ultra-high frequency) signals through spin resonances
to telecom wavelengths. Such wavelength conversion is a key topic in quantum technology
applications [67; 150; 151], and improvements to the existing device architecture may provide
a promising route to high-efficiency wavelength conversion [128] through quadruply-resonant

(optical, mechanical, spin, and microwave) devices.

§ 6.2 EXPERIMENT

The apparatus used for this experiment is near-identical to the previous project with iron-
needles, except two AC drive fields (z and z direction) are used to drive and down-mix a
gyrotropic disk mode. Fabrication steps are also alike, except that the deposition of Py took

place in an ultra-high-vacuum environment (UHV) for a better film quality.
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a)

Figure 6.1: Optomechanical torque-mixing resonance spectroscopy (a) SEM
image of a 1.1 um diameter permalloy disk fabricated onto a silicon optomechan-
ical torsional resonator. (b) Tilted view of the same image with field directions
on the panel. The thickness of Py disk is 50 nm. (c¢) Schematic showing the op-
tomechanical detection and magnetic drive. Torsional motion is read out through
a dimpled-microfibre [89], which monitors an optical resonance of the WGM mi-
crodisk. AC magnetic fields are applied via a printed circuit board and driven using
two signal generators synchronized to an external rubidium clock. The data acquisi-
tion system (DAQ) records the optomechanical signal at the mechanical resonance
frequency, also synchronized to the rubidium clock. PD represents a photodiode
and VOA a variable optical attenuator. (d) A picture of the apparatus with the
permanent magnet on top. After a successful alignment of the dimpled-microfibre
and a microdisk, the microscope is removed and replaced with the magnet mount
to keep the magnet field direction strongly along the z-axis. Note that the field
strength is calibrated using a 3D hall probe prior to measurement.

6.2.1 Hybrid device design

It is important to consider the geometry of the applied magnetic fields and the spin texture
of the magnetic structure in this experiment to understand the spin resonance that we

observe. To first order, the spins in the magnetically-soft permalloy can be considered to
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Figure 6.2: UHV Py evaporator (a) An inside picture of the UHV evaporator
during the pump-down, where the lamp is turned on to bake the deposition chamber.
After pumping the chamber with an ion pump for a few days, pressures near 10710
Torr can be achieved in this system. (b) A photograph of the top-view, where the
chip and a glass sample is mounted on a holder. A collimated deposition widow is
enough to cover the whole chip and a portion of a glass sample, where the thickness
of the film can be characterized after the deposition.

point in any direction. Yet in mesoscale structures the magnetization is often dictated by
the boundary conditions of the disk, i.e. shape anisotropy. In a thin disk, as patterned here,
the magnetization lies in the plane — and curls around the boundaries of — the disk, forming
a vortex at the center of the disk in zero magnetic field [152]. When a DC magnetic field is
applied in the plane of the disk, this vortex is displaced orthogonal to the applied field. For
example, when a DC field is applied along the z-axis, the vortex is displaced along the y-
axis, increasing the magnetization in the = direction and hence the direct torque measured.
An additional AC drive field applied along the x-axis will drive gyration of the vortex in
the plane of the disk. This gyration can then be detected by down-mixing to the mechanical

resonance frequency with an additional AC drive along the z-axis.

6.2.2 Nanofabrication

We present data from two devices, fabricated simultaneously on the same 500 pm thick
SOI chip, with different permalloy disk diameters. Nanofabrication is performed using two
e-beam lithography steps. The first defines the optical disks and mechanical resonators,
followed by reactive ion etching to transfer this pattern to the single crystal silicon. After
etching, the resist is removed and a second e-beam lithography step is used to define a disk
on the “landing pad” of the torsional resonator. Up to this point fabrication is similar our

previous torsional devices (see Sec. 5.2.2.1), but in this work we slowly deposit 50 nm of
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permalloy (NiggFeqq) in ultra-high vacuum to produce low-defect density nanomagnetic disks
[47; 117]. After permalloy deposition and lift-off procedure, we release the silicon torsional
resonator from the underlying sacrificial layer using VHF. A completed device is shown in
Fig. 6.1a.

6.2.3 Experimental apparatus

The chip of nanomagnetic optomechanical resonators is aligned on top of a printed circuit
board patterned with drive coils [2; 120] inside of a custom measurement vacuum chamber.
The drive coils allow AC excitation in both the x and z-axes, Fig. 6.1c, for the purpose of
resonant drive for measurement of magnetization (using the z-axis coil) and down-mixing of
high frequency spin modes (using both the x and z-axis coils). Optomechanical measurement
is performed using dimpled tapered fiber coupling [153; 89] to the WGM optical resonator.
Thermomechanical calibration [86] reveals a torque sensitivity of 0.5 zNm/v/Hz sensitivity
for both devices presented here, approximately four orders of magnitude better than devices
used in previous TMRS measurements [2], This level of torque sensitivity enables us to drive
the AC excitation coils without the need for high-power amplifiers that in past measure-
ments have limited the drive frequency [2], extending our measurement bandwidth above
1 GHz. Finally, external magnetic fields are applied using a permanent magnet affixed to
a long-range-travel positioning stage (see Fig. 6.1d), and measured with a three axis Hall
probe (SENIS F3A-03A02F-A02T2K5M). TMRS data is acquired by simultaneously sweep-
ing the frequencies of UHF signals applied to z and z-axis coils, keeping their frequency
difference locked to that of the torsional resonance. The two signal generators are synced
to an external rubidium frequency standard. The optomechanically-detected, down-mixed

signal is recorded using a 50 MHz digital lock-in.

§ 6.3 RESULTS AND DISCUSSION

6.3.1 Torque-mixing spectrum

TMRS data is acquired by simultaneously sweeping the frequencies of UHF signals applied
to the x and z-axis coils, keeping their frequency difference locked to that of the torsional
resonance. The torque applied by a magnetic field, H, applied to a magnetic moment, m,

on a torsional resonator is given by

T=m X ugH. (6.1)
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Figure 6.3: TMRS data (a) An example of a typical optomechancial response with
thermal motion at room temperature. (b) The mechanical response as a function of
the swept drive frequency (HAC) are shown, where the gyrotropic mode is trans-
duced as an amplification at the torsional frequency. Using this technique, any high
frequency spin modes can be mapped to the torsional frequency.

Considering the fixed orientations in our experiment, this can be rewritten as

Ty = VX Ha (fz) X poH-(f2), (6.2)

where f, — f, is fixed at the torsional resonance frequency. Here x,, is the magnetic suscep-
tibility of the permalloy disk (along the z axis) and V is the disk volume. Sweeping f, — f.
then measures the frequency dependence of the spin modes via the frequency dependence

of xm, and allows observation of spin resonances.

In Fig. 6.4, we show a sample of such a down-mixed spin resonance for a 0.85 um diameter
permalloy disk, with a thickness to radius ratio of 0.12. In the absence of pinning, the in-
plane gyration of the vortex, called the gyrotropic mode, is expected to be at 480 MHz
[145], in good agreement with the average value in the current experiment. Yet there is
significant variation of the gyrotropic mode frequency with the applied in-plane magnetic
field. A variety of features can be seen, such as a range of applied fields from 160 to 180 Oe
where the resonance changes slowly and smoothly, and regions — near 200 Oe (16 kA /m) for
example — where the resonance frequency varies more significantly and with abrupt changes.
This can be understood as the vortex core, which is roughly 10 nm in diameter [152], moving
through defect-free regions where the resonance remains constant or regions where the vortex
interacts with defects [144; 154]. Interaction with a defect, such as a variation in the film
thickness [155], is known to confine and pin vortices [149; 156]. The gyrotropic spin mode
can be thought of as a harmonic oscillation of the vortex in a potential well defined by

the stiffness of the in-plane magnetization [157]. When the vortex interacts with a defect it
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Figure 6.4: Spin resonances The spectrum of the spin-modes, corresponding to
the gyrotropic motion of a single magnetic vortex in a 0.85 pm diameter permalloy
disk, is shown at three diffrent UHF drive powers, 3, 5, and 7 dBm from top to
bottom. The same power was applied in both the x and z axes. At these levels,
the UHF drive fields do not alter the gyrotropic mode frequencies, revealing the
unadulterated behavior. High powers cause drifts in the optomechanical read-out
scheme by thermally shifting the optical resonance.

becomes more tightly localized and the stiffness increases, increasing the frequency of the

gyrotropic spin mode [156; 158].

The UHF magnetic field applied along the x-axis serves to drive the vortex gyrotropic
processions and, in principle, could alter the potential landscape seen by the vortex [159]
and hence the gyrotropic mode frequencies. To test whether or not our drive fields affect the
spin resonance frequencies we scanned the identical vortex pathway through the permalloy
disk at multiple UHF drive powers. Fig. 6.4 demonstrates that we are indeed in the regime
where one can safely ignore the influence of the drive amplitude (we show three drive powers
that range from a barely visible signal to the verge of heating the optomechanical chip).
Residing in this regime allows us the opportunity to observe the effects of pinning, whereas

at higher gyration amplitudes the vortex effectively sees a pristine landscape [145; 156].
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Future experiments mitigating sample heating effect could test magnetically assisted vortex

de-pinning and its effect on the gyrotropic mode frequencies [156; 159].

6.3.2 Vortex pinning

We now turn our attention to a second device, fabricated to house a 1.1 pm diameter permal-
loy disk. As seen in Fig. 6.5 the average gyrotropic mode frequency in this disk is somewhat
lower, ~400 MHz, consistent with expectations from geometric scaling arguments. A larger
disk has lower magnetic stiffness since the vacuum boundaries are further away and hence
lower gyrotropic mode frequency, predicted to be ~385 MHz for a thickness to radius ratio
of 0.09 [145]. Here we additionally perform measurements of the total magnetization of the
nanomagnetic disk by directly driving the torsional mode on resonance with an AC magnetic
field along the z-axis and measuring the direct torque, Fig. 6.5 [29; 47]. Furthermore, with
a small component of the AC magnetic field applied along the z-axis, the vortex is dithered
in-plane and the direct torque also encodes the in-plane magnetic susceptibility, Om/0H,
as recently discovered in Ref. [22]. The result is a peak in the direct torque whenever there
is a change in the susceptibility, as can be seen in Fig. 6.5a. These susceptibility peaks can
be compared with the behaviour of the gyrotropic mode frequencies. Specifically, one can
see that at the applied DC magnetic fields where there is an increased susceptibility the
gyrotropic mode frequency dips. This is consistent with the picture of the vortex oscillating
in a potential defined by the magnetic stiffness, as quantified by the susceptibility. When
the susceptibility increases it is easier to alter the magnetization, hence the potential well

is shallower and the mode frequency lower.

In light of this, one realizes that the magnetic fields in which the gyrotropic mode fre-
quency increases correspond to the tightest confinement of the vortex, and likely correspond
to defects in the permalloy disk. In order to identify a possible source of these defects we
compare with micromagnetic simulations (performed using mumax) [160]. Fig. 6.5b shows
simulations of the gyrotropic mode spectrum including a polycrystalline grain size of 20 nm
with variations in the saturation magnetization of £10% (around M = 800 kA m~!) [161].
Good qualitative agreement is seen between the simulation and measurement, with large
variations in the spin mode frequencies as the vortex moves through the pinning associated
with the simulated grains. Therefore, the pinning defects observed in the measurements
could originate from polycrystallinity. We also note that these simulations suggest that the
vortex annihilation should occur at an applied field just above which we used in these ex-
periments. Comparing with the radius of the disk, one can roughly calibrate the applied
magnetic field in terms of vortex displacement. One can then read off of Fig. 6.5a that a de-

fect occurs roughly every 50 Oe, suggesting that our permalloy film contains polycrystalline
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Figure 6.5: Vortex pinning (a) Gyrotropic resonance (taken while sweeping from
low to high in-plane field) and direct torque measurements of the in-plane magne-
tization and susceptibility of a 1.1 pum diameter permalloy disk. The peaks in the
direct torque correspond to increases in the susceptibility, dm/0H. Indicated by
the dashed lines, these points of softer magnetization also correspond to dips in the
gyrotropic mode frequency, indicating that the vortex experiences a lower restor-
ing force to in-plane motion. Inset shows that at certain applied fields, particularly
apparent when the vortex experiences a lower restoring force and gyrates at larger
amplitude, multiple resonances can be observed. Since the vortex motion is being
driven by the UHF fields, these resonances can be independently accessed as the
drive frequencies are swept, and correspond to the weak interaction of the vortex
with multiple defects. (b) Micromagnetic simulation showing qualitatively similar
behavior of the gyrotropic resonance by including 40 nm polycrystalline grains with
+10% variation in the saturation magnetization.
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Figure 6.6: High frequency vortex pinning As a vortex traverses the permalloy
disk it encounter defects that act as pinning sites for the vortex. Here we show a
pinning site that drives the gyrotropic mode frequency above 1.1 GHz. Pinning lasts
over applied fields of 7 mT, demonstrating that such high-frequency spin modes can
be field-stable for other applications.

grains of ~40 nm.

Finally, we report on the observation of a rare event observed in the 1.1 pm diameter
permalloy disk device. At one particular orientation of DC magnetic field in the plane of the
disk, we observed a strong pinning of the vortex that drove the gyrotropic mode up to ~1.1
GHz. This event, shown in Fig. 6.6, pinned the vortex over a field range of approximately 70
Oe (5.6 kA/m), demonstrating the stability of such a pinned state to perturbations in the
applied field. Together these observations lead us to speculate that by engineering defects, as
has been done with localized focused-ion-beam milling [47], one could control the spin mode
resonance frequencies for potential applications. Such as discussed above, the conversion of
GHz signals to telecom wavelengths [128; 150]. Additionally, the ability to simultaneously
study magnetization, susceptibility, and spin resonances together are of great utility in a

lab-on-a-chip approach to nanomagnetism.
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§ 6.4 CONCLUSION AND OUTLOOK

In conclusion, by taking advantage of the sensitivity and bandwidth of cavity optomechan-
ical detection, we are able to observe ultra-high frequency spin modes in permalloy disks
through the technique of torque mixing resonance spectroscopy. Combined with direct torque
measurements of the in-plane susceptibility and micromagnetic simulations, we are able to
show how the gyrotropic mode of individual magnetic vortices interacts with localized de-
fects in the permalloy. When a vortex is pinned by such defects the spin mode frequencies
can jump to as high as 1.1 GHz, a phenomenon that has previously only been observed
in time-resolved Kerr microscopy [155; 162; 163]. Opportunities exist for novel applications
in control of these spin mode frequencies through the engineering of defects. Furthermore
with the TMRS sensitivity and bandwidth presented here, it may be possible to observe

non-thermal, quantum effects of vortex dynamics at low temperatures [164].
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CONCLUSION

Somewhere, something incredible is waiting to be known.

- Carl Sagan

§ 7.1 SUMMARY

Precision measurements are essential to our understanding of the fundamental laws and
nature. In recent years, with the advancement of nanofabrication, the size of nanomechan-
ical devices have reduced significantly in to on-chip level. Following this miniturization,
came a new challenge of measuring them, where a paradigm shift of using resonant light
to sensitively measure on-chip devices soon followed. Cavity optomechanics has attracted
substantial attention due to its remarkable sensitivities in strains, displacements, and forces
while still minaturized. In this work, I have demonstrated an exquisite torque sensitivity near
the standard quantum limit by passive-cooling the mechanics in a dilution refrigerator. The
experimental framework followed my Master’s project, but equipped with advanced fabri-
cation methods and optomechanically compatible dilution refrigerator. Persevering through
these challenges, I have achieved a record of torque sensitivity reaching 2.9 yNm/+/Hz ther-
malized at 25 mK.

Novel experiments of hybrid systems followed: first, the use magnetic forces to amplify and
dampen the torsional mode via a feedback-loop, and second, implementing TMRS technique
to extract magnetic properties of a soft magnet. These experiments were successful due to
an increased fabrication yield based on a VHF method to protect the magnetic film layer

during the release step. For the permanently magnetized iron-needle project, controlling
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the amplitude of the torsional motion via an external out-of-plane field made it possible to
actively cool the torsional mode down to 11.6 K. We confirmed experimentally that feedback
mechanism does not contribute to the torque sensitivity because the dissipation compensates
the mode temperature. For the next study of permalloy-disks, a down-mixing strategy of a
spin-mode allows us to track the spin resonance at high frequencies. In a special case, we
observed pinning of a vortex, where the spin-mode increased to above 1.1 GHz. If vortex-
pinning can be controlled by fabrication and characterization, a wavelength conversion of

microwaves (GHz) to optics (THz) may be possible for quantum-information applications.

Thus far, I have demonstrated three experiments: a near-SQL torque sensitivity and hy-
brid systems of magnetism and torsional optomechanics. The next step would be to combine
hybrid systems in a dilution refrigerator, to study vortex dynamics in a mesoscopic super-
conductor. A prototype has already been made with an aluminium film, a superconducting
disk, deposited on a torsional resonator, and there are plans to incorporate magnetic fields in
a dilution refrigerator. Optomechanical torque sensor is a sine qua non for nanomagnetism
studies. Equipped with near-quantum-limited precision on torque, the doors are opened for

other scientific advancements and applications.

§ 7.2 OUTLOOK

Modelled after the paramagnetic Meissner effect studies on type-I superconductors, where
vortices are formed due to mesoscopic confinements [27; 65], I hope to extend this exper-
iment. With a sensitive platform of optomechanical torque magnetometry, equipped with
DC bias and RF fields, I wish to see the dynamics of these vortices detected by TMRS
technique. As an intermediate step, we can look into other materials, such as Nb (higher
transition temperature of ~ 9.3 K), to circumvent the issues with low-duty cycle measure-
ments and optical heating. Progress has been made for the apparatus to include bias and
superconducting transmission lines to generate in-plane and out-of-plane magnetic fields to
prepare for TMRS measurements. Additional information on a demagnetization stage is also

included in the appendix to access ~ uK temperatures.

For room temperature experiments, other magnetic materials may be implemented: Yt-
trium iron garnet (YIG) has a small linewidth in electron spin resonance, better suited
for microwave-to-telecom wavelength conversion; Terfenol-D has a high magneto-striction,
which can be used for a sensitive field sensor; and stacks of ferro- and ferri magnets may
be used for storage applications. With each application, comes with its own difficulty in de-

position and fabrication, however an optomechanical technique will be able to characterize
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the film qualitatively and quantitatively as long as magnetic properties, with external field,
can be translated to torque. I hope my optomechanical torque magnetometer will serve as a

platform for various studies in quantum information, spin-dynamics, and material science.
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- Appendix A -

ADIABATIC NUCLEAR DEMAGNETIZATION COOLING

In this universe, there’s only one absolute... everything freezes!

- Mr. Freeze, DC comics

The technique of adiabatic nuclear demagnetization is well-established, where cold nuclei
are able to absorb heat from the surrounding system [165]. Nuclear demagnetization refrig-
erators are the only method, at present, to cool nanostructured samples beyond the dilution
refrigerator stage (T' < 1 mK). It heavily relies on the initial conditions of temperature and
magnetic field, where double-stage demagnetization stage and high magnetic fields (6~9 T)
were engineered previously. Here, I will highlight some progress for our own adaptation of

nuclear demagnetization stage and optomechanics.

§ A.1 CoOOLING MECHANISM

Adiabatic demagnetization cooling is based on the magnetic-field dependence of the spin
entropy [167]. An example is shown for a paramagnetic salt in Fig. A.1, where the cooling
occurs from paths A to C [166]. Initially, the stage is cooled by a dilution refrigerator (point
A), where all the spins are oriented randomly. When magnetic field is applied (path B),
partial alignment of the spins is achieved depending on the strength of the field. Isolating
the temperature via a heat switch, the cooling occurs along path C, as the magnetic field
is removed adiabatically. The cycle repeats by altering the heat switch and magnetic fields.
Hence, the initial condition of pre-cooling and magnetic field are important to reach sub-mK
temperatures. Note that vibration isolation is highly important to avoid any quenching of
superconducting magnets. For our system, there are two stages and can be used in series for

extended cooling [96] or running two separate experiments depending on the application.
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Figure A.1: Entropy of a salt Entropy of a paramagnetic salt as a function of
temperature for various magnetic fields. The cooling cycle starts in A, a pre-cooled
configuration, and a isothermal magnetization occurs in B direction. A heat switch
is turned off for thermal isolation and the magnetic field is removed to lower the
temperature. This principle applies to nuclear spins as well (Taken from Ref. [166]).

§ A.2 HEAT SWITCH

’ Material | T. (K) | poHe (mT) | Contact Method |

Indium 3.4 27.6 Solder
Lead (Pb) 7.2 80.3 Solder
Cadmium (Cd) | 0.52 3.0 Solder
Zinc (Zn) 0.9 5.3 Solder with Cd or In
Aluminum (Al) 1.2 9.9 Clamping or melt

Table A.1: A list of materials for superconducting heat-switches [168]. The base
temperature of the dilution refrigerator needs to be well under the transition tem-
perature of these materials, and the superconducting state can be manipulated by
quenching through applied magnetic fields (uoH., is the critical field). These are all
suitable materials, but lead and cadmium may be discouraged due to toxicity and
aluminium cannot be soldered.

An important criteria for a successful adiabatic demagnetization stage is the functionality
of heat switch to isolate thermal contact. The best strategy is to use superconducting heat
switches since a complete thermal isolation can altered by switching between a supercon-
ducting state and a normal state. Keeping the base temperature below the superconducting

transition temperature, magnetic field is applied to quench or to keep the superconducting
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Figure A.2: Nuclear demagnetization stage (a) A schematic of the demagnatiza-
tion stage. Starting from the top, the dilution stage is connected to the oxygen-free
high thermal conductivity (OFHC) Cu stage by a superconducting heat switch. The
annealed OFHC copper provides the cooling power under a strong magnetic field
(9 T magnet). There is a second identical stage isolated by another heat switch for
an additional second experiment. (b) A design layout of the demagnetization stage
with a photograph of the current progress in (c).
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state. Table A.1 shows a list of materials suitable for a heat switch material. Depending on
magnetic strength in the heat-switch region, a proper material can be chosen. In our ap-
plication, we have used soldered indium wires as heat switches. An example of our current

progress is shown in Fig. A.2c.

§ A.3 MAGNETIC FIELD

The high-field magnets are made out of superconducting NbTi coils with T, = 9.2 K.
The magnet is immersed in liquid *He, where the magnetic fields are stable to 9 T. The
refrigerator has two sets of high and low field regions (see Fig. A.2a). The low field regions are
created by using a equal and opposite Helmholtz coils to cancel the magnetic fields, where
the experiments will be placed in the zero field region. Rather than having two independent
experiments, the demag stage can run serially so that even lower temperature can be reached

by the lower initial condition.

§ A.4 MELTING CURVE THERMOMETER

Recall that at mK temperatures, nuclear orientation thermometer and ruthenium oxide
thermometer were used. Finding a thermometer below 1 mK can be quite challenging.
Fortunately, there is a primary thermometer that can access temperatures below 1 mK using
a melting curve of *He [166]. There are other device-based candidates: A superconducting
quantum interference device (SQUID) that measures sensitive field changes as a function of
temperature [169], and an optomechanical cavity that relates the mechanical mode to its

environment temperautre [91].

§ A.5 STAGE

The quality of the Cu stage is highly important in adiabatic cooling, where annealing is
necessary to increase the purity (enlarged grain size). Followed by electroplating gold, to
reduce thermal resistance, the experimental stage can be anchored securely to the OFHC
stage. Unfortunately, the endoscope will not work in this apparatus, so the sample will have
to be coupled prior to the cool down. Rather than the silicon-based telecom wavelength
optomechanics, silicon nitride or diamond device may work better to attain less optical
heating and more thermal conduction. Alternatively, microwave cavity coupled to torsional

resonators seem promising at these temperatures [170].
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ALUMINIUM NITRIDE

Viva la Vida
- Coldplay

Majority of my work was based on the use of single-crystal silicon. Aluminium nitride
(AIN) is another interesting ceramic material that possesses great opto-electro-mechanical
properties — utilized for recent frequency conversion applications [171; 172]. As one of my
application goal is to convert GHz to THz frequencies using optomechanically detected
magnetic spin-modes of Py, an alternative approach of AIN hybrid systems seem interesting
to engineer MEMS, hoping to develop better actuators and sensors [173; 150]. AIN has
an additional benefit of larger thermal conductivity that is suitable for low temperature
experiments where the first breakthrough of quantum mechanics and mechanical oscillator
was based on AIN devices [8]. The recipe for AIN deposition comes from the follow-up
experiment of Ref. [174] to use piezoelectric transducers as a probe confinement effects of
superfluid properties. The same deposition recipe can be used for oxide grown silicon wafers.
Since I was heavily involved in the AIN project, a detailed discussion of AIN films will be

included along with the recipe for deposition.

§ B.1 BACKGROUND

Piezein is a Greek word meaning to press or to squeeze. As the name suggests, piezoelectric
materials produce electricity with applied compressive stress - which was first discovered by
Jacques and Pierre Curie in 1880s [175]. Recent developments in highly efficient piezoelectric
ceramics has attracted a great deal of interest in areas ranging from real-world applications

to fundamental tests of quantum phenomena. For instance, a highly sensitive piezoelectric
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aluminum nitride (AIN) device coupled to a superconducting qubit in a dilution refrigerator

measured superposition states of a mesoscopic mechanical resonator [8].

§ B.2 PRINCIPLE OF PIEZOELECTRICITY

AIN PZT LiNOg3 GaAs
Piezoelectric coefficient, ds3 (pC/N) || 3.4 ~ 6.5 | 90 ~ 150 6 ~ 30 3.4~ 25
Young’s Modulus, E (GPa) 260 ~ 380 | 60 ~ 80 | 180 ~ 200 | 80 ~ 95
Thermal Conductivity, & (W/m-K) 285 1.8 4 45

Table B.1: Three material properties — piezoelectric coefficient (ds3), Young’s mod-
ulus, and thermal conductivity — of AIN, PZT, LiNOjs, and GaAs, extracted from
Ref. [176].

Piezoelectric materials typically have a complex non-symmmetrical unit cell, contributing to
a net charge when compressed, stretched, or sheared. Due to the asymmetry, a piezoelectric
charge constant is a tensor, where we will only consider induced polarization along the
applied stress (dss). Table B.1 shows some properties of the popular piezoelectric materials
with large piezoelectric coefficients. Although lead zirconate titanate (PZT) seem superior by
the piezoelectric coefficient, it is toxic and often difficult to deposit and pattern [177]-[179].
The piezoelectric effect is also reversible: stress is induced by an applied voltage and wice
versa, where the sensors can also be an actuator at the same time. With this technology,
the first sound of superfluid *He was measured in a microfluidic cavity using PZT [180].
Current progress is made to study fourth sound measurements [181] using smaller cavities.
An AIN film is, by-far, forgiving in lithography techniques and etchants due to a simpler

chemical composition.

§ B.3 PREPARATION

Since a three-layer heterostructure is desired for suspended structures similar to SOI. A
silicon wafer is first cleaned thoroughly by piranha solution and an oxide layer is grown
using plasma-enhanced chemical vapour deposition (PECVD). The PECVD deposition was
not very uniform on a wafer-scale, but locally they are flat on a chip-size (5 mm x 10 mm).
Using the “new oxide” recipe in PECVD, total of 2000 s was processed to deposit 3 pm
of a sacrificial layer. Note that the quality of the oxide film may be different from each
run, depending on the cleanliness of the deposition chamber, and requires a test for BOE

etch-rate afterwards.
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§ B.4 DEPOSITION

’ Layer ‘ Power (DC/RF) ‘ Pulse : Freq. ‘ Pressure ‘ Gas (N3/Ar) ‘ Dep. time ‘
’ AIN \ 300 W (RF) \ 0.5 ps : 150 kHz \ 2 mTorr \ 15 / 45 scem \ 17m:15s \

Table B.2: RF sputtering parameters used for AIN deposition of 270 nm. Recall
that two separate identical RF power sources and targets were used to enhance the
deposition rate.

AIN films are sputtered with radio frequency (RF) magnetron system (Doug) at Nanofab.
A standard DC power source with N gas will cause nitrification, or poisoning, on the Al
target surface [182]. For insulator sputtering, a RF source is used and results in a slower
deposition rate. Here I used two Al targets to compensate the deposition rate (14.5 nm/min)
with two connected RF power sources on each target. The main challenge of AIN deposition
is the presence of oxygen (O3) inside the chamber, which results in AION grains embedded
in AIN film. A quick way to minimize this problem is to pump the chamber overnight to
achieve a clean vacuum prior to deposition. A typical base temperature reached after twelve
hours of cryo-pumping reads 1.1 x10~7 Torr from a Bayard-Alpert ion gauge. Baking the
chamber to 150°C during the pumpdown is also a solution but there is a risk of heating
a nearby cryopump without proper shielding. I could also add a getter material, titanium
for example, to assist in removing oxygen in the chamber. Two Al targets with 45 sccm
Ar gas were used to initiate the plasma at 8 mTorr, after which 15 sccm of Ny gas was
introduced. The pressure was finally adjusted to 2 mTorr and conditioned for 3 minutes
while the shutters were closed. The deposition rate of AIN for this recipe was 14.5 nm/min

with the two targets. The parameters used for RF sputtering is summarized in table B.2.

’ Orientation ‘ 20 (degree) ‘ Amplitude (Counts) ‘ FWHM (degree) ‘

(100) 33.30 495 0.66
(002) 36.10 760 0.52
(101) 38.08 2284 0.66
(102) 19.93 528 0.76
(110) 59.48 341 0.73

Table B.3: Gaussian fit parameters from the XRD data in Fig. B.2 showing the 26,
amplitude, and the FWHM of the AIN film.
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Figure B.1: X-ray diffraction data of AIN The XRD data, obtained from the
ACSES lab, shows the overall orientation (101) of the polycrystalline AIN film
on borofloat. Blue lines are the Gaussian fits where the parameters are listed in
table B.3

§ B.5 CHARACTERIZATION

The AIN layer has been characterized in three categories: thickness, adhesion, and its crystal
orientation. The tools used for measuring film thickness were alpha-step and filmmetrics
dielectric thickness mapping system at the Nanofab cleanroom. Both the stylus profilometry
and the reflection measurement gave consistent results of ~ (270 +20 nm). The AIN film also
passed an adhesion test, where the film stayed intact after sticking and unsticking a strong
adhesive tape — suggesting a strong bond of AIN to a glass substrate. Lastly, the orientation
of AIN was tested in the Alberta centre for surface engineering and sciences (ACSES, now
part of Nanofab) using a X-ray diffraction technique. An AlN-borofloat test piece was used
here to avoid contributions from the substrate. According to Fig. B.2, the overall orientation
of the poly-crystalline AIN film was determined to be (101), which had the largest amplitude.
Each peak was fit with Gaussian profile to obtain FWHM as seen in Fig. B.2 and tabulated
in table B.3. The rather large widths indicates that inhomogeneous strain was present on the

sample during the deposition possibly due to the pressure variations during the deposition.
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Process O, cleaning | AIN etch

Forward ICP power (W) 2000 1000
RF power (W) 100 100

DC Bias (V) 450 474
Pressure (mTorr) 7 10
Cly flow rate (sccm) — 15
BCl; flow rate (sccm) — 25
05 flow rate (sccm) 100 —
Substrate temperature (°C) 20 50

Processing time (min:sec) 20:00 05:00

Table B.4: A table showing the RIE parameters to etch AIN film. Followed by a
typical O plasma clean, ~ 5 minutes were processed to etch ~330 nm AIN. Unfor-
tunately, the etch mask is not resistive for the typical ZEP (etch resistivity ~0.7)
thickness used in my project. In the future, the etch-recipe needs to be modified,
the e-beam resist needs to be thicker, or the AIN film needs to be thinner.

Figure B.2: AIN optomechanical device A SEM image showing a partially etched
AIN device, where 42 seconds were processed to observe the etch profile without
etching through the e-beam resist. The scale bar is 1 um and the black dot on the
microdisk is an artifact from SEM imaging.
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§ B.6 ALUMINIUM NITRIDE ETCH

For microfluidic cavities, an optical lithography is typically used for AIN patterning. A
commercial aluminum etchant, consisting of 80% phosphoric acid, 5% nitric acid, 5% acetic
acid and 10% water, is a popular choice. An AZ400K developer were also used to etch AIN
films. On the other hand, delicate optomechanical structures require a full EBL process and
an anisotropic dry-etch method for patterning. The EBL method follows the same process
as mentioned previously, except that Cly, and BCl; gas chemistries were used for ICP-RIE.
A detailed etch recipe is shown in table. B.4, but the etch resistivity was poor for ZEP520a
(~0.7). Processing for only 42 seconds, the preliminary result is shown in Fig. B.2, where
more optimization is required for the recipe. A thicker resist or a thinner AIN film would
also work. This path of AIN optomechanics halted since 2015.

§ B.7 SUMMARY

In summary, I have started developing a recipe for AIN deposition, which stemmed from a
project to insert piezoelectric actuators and transducers inside the microfluidic cavity. As
an extension of this effort to optomechanical devices, I was able to pattern some features
on a AlN-on-insulator devices. Although this project halted, it may be worth exploring for

piezoelectric applications and studies.
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