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Chapter 1

Introduction

Complete understanding of the mechanisms of biological processes, indispensable for the
rational design and testing of therapeutic strategies, can be greatly facilitated by easy and
rapid access to macromolecular structures at the atomic resolution. As of 2011, a general
method for rapid rendering of macromolecular and cellular structures with atomic resolu-
tion represents both a major challenge and a major need in science. Such a method would
prove all the more valuable to understanding the conformational complexities of protein

misfolding diseases and amyloid formation phenomena'

, caused by complex networks of
structural transition reactions linking the monomeric, oligomeric, and polymorphic fibril-
lar forms of disease-causing proteins, the structures of which have only been rigorously
characterized in a small number of cases [1-5].

To date, the majority of protein and RNA structures known have been solved by ei-
ther X-ray crystallography or by NMR spectroscopy.> Many requirements on the sample
prevent these methods from being generally applicable to biological specimens. First,
since X-ray crystallography and NMR spectroscopy are techniques based on assessing
the average properties of a macroscopic sample, a high degree of sample heterogeneity
undermines their ability to solve structures [6]. Second, X-ray crystallography requires

the sample protein to form ordered crystals. However, the procedure for crystallizing

proteins remains a daunting trial-and-error process and important proteins like membrane

! Alzheimer’s Disease, Parkinson’s disease, Hungtington’s disease, hereditary and transmissible forms of prion diseases, the prion

phenomenon in yeast, and biofilm formation of bacteria
2See the Protein Data Bank for examples: www.rcesb.org/pdb/home/home.do.
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proteins are impossible to crystallize in their native forms [7]. Recent advances in solid-
state NMR (ssNMR) spectroscopy have made it possible to study membrane proteins,
but the technique is still limited by protein size and by the need for order, at least at the
local level [8]. For these reasons, the structural studies of macromolecule that contain
high degrees of conformational heterogeneity and that are large in size have remained

challenging, rare, and largely tackled, with difficulty, by computational approaches [9].

1.1 Principles of MRFM Operation

A genuine single-molecule technique, magnetic resonance force microscopy solves the
issue of sample heterogeneity [10—-13]. Even intrinsically disordered proteins like alpha-
synuclein, linked to Parkinson disease [14], could be studied by individually imaging
each molecule of the structural ensemble. With no need for signal averaging over sep-
arate copies of the molecule, as is the case in high-resolution cryo-EM, a continuum of
conformational distributions can, in principle, be mapped out by MRFM.

Within the high static magnetic field and cryogenic environment of our MRFM setup,
a um-scale ultra-sensitive cantilever with sample attached at its tip is positioned close
to a nanometer-sized magnetic tip and excited into mechanical resonance by applying a
cyclically varying radio frequency (RF) pulse (e.g. @(t) = wp + sin[w.]) centered at the
Larmor frequency () of the sample nucleus (Figure 1.1). Frequency modulation of the
RF is slow compared to the Larmor frequency, but matches the kHz-range frequency ()
of the cantilever (@ > ®.). As a result of the slow change in RF frequency, the spins,
in the rotating frame, adiabatically track the effective B field and undergo periodic in-
versions between the plus and minus directions of the Z axis. This periodic inversion of
sample spins result in a periodic force between the nanomagnet and the cantilever, driving
the latter to mechanical resonance, which is detected interferometrically as an increased
displacement (x?) above the thermal background (x?)(. From conventional MRI, MRFM
borrows the idea of selective sample nuclear excitation through the application of a high
field gradient generated by a n.anometer—scaled magnetic particle. Since the field strength
now becomes a function of spatial position, only those spins in a resonant slice that have
Larmor frequency matching with the applied RF frequency become excited. After col-

lecting signal over a 3D grid, an image can be reconstructed by iterative means [13].
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Figure 1.1: Left: Principles of MRFM [13] (see text for discussion). Right: Assembled MRFM Probe with

3D sample positioning system.
1.2 Unanswered Questions in Amyloid Diseases

Since the first suspicions half a century ago that prion and certain amyloid diseases repli-
cate by a protein-only mechanism [15], much understanding of these protein-misfolding
ailments has been gained, including de novo, in vitro generation of infections particles
from native and recombinant proteins [16-18], their mechanisms of propagation by seed-
ing and cross-seeding [19], linkage between certain genetic mutations and spontaneous
disease generation [20], the mechanisms of fibril elongation and fragmentation [21-23],
the presence of conformational polymorphism [23-25], the delicate interplay among fibril
formation/fibril disaggregation with cellular chaperons such as Hsp104 [26,27], and even
Darwinian evolution of prion conformational strains within host cell cultures [28]. Most
work in this field has been based on biochemical analysis, cell work, and animal stud-
ies. Longer-range structural information from MRFM could contribute by facilitating
the construction, from shorter-range ssSNMR constraints, of structural models for differ-
ent polymorphic forms of the amyloids. Rapid rendering of such models will accelerate
understand of the relationship between strain conformation and physiological phenotype.

Despite the extent of literature on the subject, the identity of the toxic agent that di-
rectly causes neuronal degradation and cell death remains controversial. Mounting evi-
dence is supporting the hypothesis that oligomeric intermediates, rather than mature amy-
loid fibrils, are the true culprit, and that amyloid fibril formation may actually be a last-
resort protective mechanism of the cell for sequestering toxic intermediates [29—-33]. The
structure of non-fibrillar, oligomeric intermediates formed by AB1-40 and by the residues

106-126 of human prion protein have been shown by solid-state NMR spectroscopy to
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contain cross-f structure nearly identical to those found in mature fibrils [34,35]. What is
still not clear is the overall structure of oligomeric species, which can adopt different sizes
and may have different physiological activities. The process of primary nucleation from
oligomers to fibrils remains hazy. It is also a mystery why an antibody raised specifically
against AP oligomers was found to be generally reactive against oligomers from a range
of different peptides that share no primary sequence similarity [33]. Direct imaging of
individual oligomers of different sizes and shapes by MRFM could help elucidating these
mysteries. Detail of the application of MRFM to answers questions about amyloid will
be described in a future PhD thesis.

In the rest of this thesis, I first describe our efforts toward the construction of a MRFM
instrument with nanometer-resolution sample positioning, signal detection, and sub-Kelvin
cryogenic capabilities. I then describe strategies we adopted for improving the resolution
of MRFM from its current limit of 5 nm to 1 nm. These strategies include the fabrication
of better magnetic field gradient sources and the fabrication of potentially better force sen-
sors. I finally present experimental result of our fabrication efforts toward higher-gradient

magnetic tips and diamond cantilevers.



Chapter 2

Construction of the MRFM Instrument

The MRFM is a complex instrument; laser light must be focused and stay focused onto a
tiny custom mechanical cantilever a few micron wide; sample must be reliably attached
to the tip of the cantilever, a custom nanometer-sized magnetic pillar must be position
next to the cantilever with nanometer precision; efficient RF source must be present to
manipulate the sample spins while avoiding the detrimental effect of thermal heating;
and the whole setup need to be immersed within a millikelvin-temperature and ultra-high
vacuum environment in order for the cantilever thermal noise and viscous damping effects
to be sufficiently small.

Figure 2.1 shows a block diagram of our MRFM setup. This chapter describes the
construction of the detection electronics consisting of a laser source, photodiodes con-
nected to inverting operational amplifiers, the sample positioning system, and the dilution

refrigerator.

2.1 Detection Electronics

In our MRFM system, the signal contained in the sensor cantilever motion is read out by
optical interferometry. In order to enable readout of this signal, I constructed two 1550-

nm infra-red lasers and two [-V converter/amplifer with gains of 10° and 107, respectively.
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2.1.1 1550 nm Laser Box

Commercially available butterfly-style 12-pin 1550 nm laser diodes with built-in TEC
were purchased. The + and - termini of the laser diodes were connected in parallel with
protective Zener diodes with break-down voltages that would limit the maximum currents
through the laser diode to within about 50% of the maximum allowable value of 200 mA.
Connections to the TEC and the DC current supply were made through BNC connectors.
The whole assembly was housed in a die-cast aluminum alloy Pomona box with dimen-
sions 4.25in x 2.64in x 1.71in. Figure 2.2A shows the I-V characteristics of one of the
resulting laser boxes. Figure 2.2B suggest that the protective zener diodes should have
breakdown voltage below 3 volts in order for the maximum current passed through the
laser diode to be below about 100mA. Figure 2.2C demonstrate that the protective diode

wired in parallel with the laser diode has the desired property.

B Computer .i ; .

S
Laser
PID Temp
Controller
Piezo Actuator
Lockin
Amplifier Lockin
Reference
* Signal Cantilever | 1% Branch

Signal Reference
Photodiode/ ‘;?HF‘I'::’ ~—% | Photodiode/
1 07 OD-AI'I'IP P 99% Branch 103 Op-Amp

1550 nm
Laser

Figure 2.1: A block diagram of some key components of our MREM system.
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Figure 2.2: Calibration data for the 1550 nm laser. A: Output laser power vs the drive current. B: Voltage

drop across a laser diode vs the drive current. V-I characteristics of Zener diodes connected in parallel with

the laser diode for protection against excess current.
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Figure 2.3: Responsivity of a photodiode-amplifier assembly with a gain of 10°

2.1.2 1-V Converter and Amplifier

Photodiodes sensitive to IR light connected to either single-stage or two-stage inverting

operational amplifiers were wired and housed inside the same type of Pomona boxes as

for the laser boxes described above. With the resulting IR-sensitive photodetectors, I

determined the linear response range of the photodiodes-amplifier assembly. Figure 2.3

together with Figure 2.2A suggest that the photodiode box 2, which has a I-V converter

gain of 10°, is linear only at very low laser illuminations in the microwatt range. This level

of linear response range is sufficient for monitoring MRFM laser signal in the nanowatt

range that are necessary for avoiding heating of the sample.
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2.2 Sample Positioning System

Our setup employs a sample-on-cantilever geometry, with the nano magnetic pillar mov-
ing with respect to sample and cantilever during scanning. Figure 2.4 is a picture of our
MRFM probe. 3D movement of the magnetic tip and RF line is achieved using Attocube
positioning system shown in the upper portion of the picture.

To test the positioning system and the detection electronics, we performed a calibration
experiment shown in Figure 2.5. A mirror was mounted on the Attocube positioning
stage, perpendicular to the laser, and moved in directions approximately parallel (x) or
orthogonal (y) to the laser beam. As the mirror moves through 1/2 of the wavelength, a
full cycle of signal maximum to minimum is observed that result from the interference
between the light reflected at the end of the fiber with the light that exits the fiber, reflects
at the cantilever surface, and reenters the fiber.

Figure 2.6B and 2.6C show the resulting interference fringes as the mirror is moved
with respect to the laser light in the y and x directions using the high-resolution x-y scan-
ner, respectively. These interference fringes can be converted to linear displacement of

the positioning system, taking into account the fact that each cycle of the fringe corre-

Figure 2.4: Our stability-improved MRFM probe.
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Figure 2.5: Experimental setup for the calibration of Attocube scanning system.
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Figure 2.6: Calibration data of the x-y Attocube scanners. See text for discussion.

sponds to A/2 in terms of actual spatial movement. The resulting displacements of the

positioning system as a function of applied control voltages to the scanners are plotted

in Figure 2.6A. The results suggest that the scanning blocks of the Attocube have good

linear response to control voltage within a 20 um by 20 um scanning area at room temper-

ature. Similar calibration at millikelvin temperatures will be carried out as a calibration

of scanning spatial resolution when the system will be incorporated into our new dilution

refrigerator.

Lastly, we demonstrated the capability of the system to act as a low-resolution AFM

probe by scanning a piece of polished silicon wafer while reading out the amplitude of os-

10



2.3. DILUTION REFRIGERATOR Ye Tao

Figure 2.7: A piece of silicon wafer was scanned using our positioning system with a commercial AFM
cantilever tip positioned perpendicular to the silicon surface. The cantilever was subjected to a constant

driving voltage at fixed frequency. The amplitude of the cantilever oscillation is plotted in these figures.

cillation of a commercial AFM cantilever that is driven at constant frequency and voltage.
Figure 2.7 shows the resulting image at 2 different scanning resolutions. The reproducibil-
ity of the features (very little given the flatness of silicon wafer), suggest that the sample

positioning and signal acquisition systems are fully functional.

2.3 Dilution Refrigerator

A crucial component in sensitive MRFM detection is ultra-low temperature. This require-
ment is the result of the force sensitivity of the cantilever being limited by its thermal
noise. In analogy to Johnson noise in resistors, the thermal noise in a MRFM measure-

ment is related to the force power spectral density, Sr, of the cantilever.

4kkpT

W

Sp=4TkpT =

2.1)

where k is the spring constant, m, is the vibrational frequency, and Q is the quality factor
of the cantilever. The noise in a measurement with bandwidth Av is \/SrAv.

To achieve a low temperature of tens of millikelvins, we purchased a dilution refrig-
erator from Leiden Cryogenics (Figure 2.8). This cryogen-free system is easy to operate
and does not require the filling of liquid helium, allowing the desired experimental tem-

peratures to be attained within a day with minimal labor.

11
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Figure 2.8: Dilution refrigerator used to cool our MRFM probe down to millikelvin temperatures.

12



Chapter 3

Fabrication of High-Magnetic Moment
Fe/Co Nanopillars

3.1 Background

Both the spatial resolution and the signal-to-noise ratio (SNR, Equation (3.1)) of MRFM
are highly dependent on the magnetic field gradient produced by the nanomagnet [12].

3.1

N is the number of spins with magnetic moment yy in the measurement volume, z mea-
sures the vertical distance between the nanomagnet top surface and the cantilever tip, and
Af is the measurement bandwidth. Magnetic tips produced by our current method of fab-
rication (Figure 3.1) have achieved maximum field gradients of 5 x 10 Tm™!, but is still
significantly lower than the values of 3(1) x 107 T m~! in existing pole tips used in drive
heads that are less than 100 nm in lateral dimension [36]. Our first goal thus consists of
fabricating stronger nanomagnets.

The current magnetic pillar fabrication strategy leads to at least four major defects.
First, the resulting pillars are exposed to air and undergo steady oxidative degradation over
time. Second, the geometry of the tips are ill-defined, because the hole on the evaporation
mask gradually become clogged during the metal evaporation process, leading to tapered

cones (Figure 3.1, Center). Third, the evaporated pillars do not stick well to the substrate,

13
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E-beam
Evaporation

~ 200 nm
NMP

[l —
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Figure 3.1: Our previous method for fabricating nanomagnets (Developed by Ben Chui at Stanford). The
method is based on evaporation of Fe and Co through small holes, defined by E-beam lithography, into a

cavity underneath the mask. The magnets are exposed by N-methylpyrrolidone (NMP) liftoff.

s | — = —_—
[l 1) Spin-coating PR H 9) CHF, RIE ﬂ1 1) Electroplating Fe/Co
ﬂn Photo-Lithography H 8) E-beam Lithography ﬂﬂ] Electroplating
Passivation Layer
] | — E——
| —
ﬂJ) E-beam Ti/Au Evaporation H 7) Spin-coating PMMA ﬂﬂ] E-beam Evaporation Ti
ﬂ‘l Lift-off H 6) CVD of SI0; Finished Product
5) ARC Inspired by: Ross, C. A. et al.,
| — W —— Phys. Rev. B, 2002, 65, 144417.

Figure 3.2: Current Strategy for Fabricating Next-Generation Magnetic Tips for Improved Force Sensitivity

and Spatial Resolution.

and yield of the pillars is only around 50%. Fourth, the current pillars are pointy and stick
out from the substrate surface. Such topologically sharp points may increase noncontact

friction with the cantilever due to possible inhomogeneous charge accumulation.

3.2 Strategy

Given the inadequacy of the current method for producing optimal magnetic pillars, we
propose the route in Figure 3.2 that aims to simultaneously solve all the mentioned defects
of the previous-generation pillars. By electroplating Fe/Co into straight-walled cylindrical
holes produced by reactive-ion etching, one is guaranteed good sticking of the resulting
magnetic material and well-defined cylindrical shapes of the magnet [37]. Passivation
of the magnetic pillars with a thin electroplated layer of aluminum (1-2nm) followed by
an evaporated thin layer of titanium (1-2nm) would both retard oxidative degradation

and produce a smoother surface that will be less prone to generating noncontact frictions

14
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Figure 3.3: Vibrating sample magnetometer data showing the saturation magnetization of iron-cobalt thin

films grown under different plating bath conditions.

with the cantilever'

. Finally, as an additional benefit, electroplating into a cylindrical
matrix has enable fabrication of metallic gold and silver cylinders thinner than 20 nm in
diameter [38]. If similar results could be realized in our Fe/Co system, the proposed new
nanopillar fabrication will likely play a decisive role in pushing the resolution of MRFM

to new limits.

3.3 Results

We have initiated a study of the feasibility of producing high-quality Fe/Co alloy by elec-
troplating. Initial screens of reported conditions in the literature [39,40] has allowed the
identification of a couple of promising electroplating conditions that produce films suffi-
ciently smooth and with sufficiently high magnetic moment? to warrant the next step of

investigation (Figure 3.3 and 3.4).

3.4 Outlook

The results demonstrate that electroplating is a viable method to produce high-quality
magnetic material for making nano-pillars. Future experiments include the application of
the optimal plating conditions to wafers that will have been pattern by e-beam lithography
to contain cylindrical holes in a matrix of anti-reflective coating material (Steps 1-10 in

Figure 3.2).

!See Section 27 for further discussion of noncontzct friction.
2The maximum achievable magnetization for Fe/Co is about 2.4T.

15
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Figure 3.4: Preliminary Fe/Co electroplating results. A uniform layer of Fe/Co film were plated onto 4-inch
silicon wafers coated with Ti/Au as conducting substrate. The smoothness of the gold substrate (A) and
the resulting magnetic films under two plating conditions (B: [39]; C: [40]) were analyzed by atomic force

microscopy and by vibrating sample magnetometry.
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Chapter 4

Fabrication of Novel Cantilevers

4.1 Background

Going beyond state-of-the-art ultra-sensitive silicon cantilevers represents a challenge to
the existing capability of top-down fabrication methods [12]. Alternative material and
geometries have been proposed for future force sensors. Some are under active study, in-
cluding carbon nanotubes [41], silicon nanowires grown by gold-catalyzed growth [42],
and graphene [43]. One difficulty in embracing these techniques is that they often require
specialized systems for detecting the motion of the force sensors, and that major under-
taking and drastic change from our current probe design are needed. For example, to
maintain laser focused on 50nm silicon nanowires during the cooling of the experimen-
tal apparatus, Nichol and Budakian constructed a dedicated piezo stage that correct for
thermal drift of the nanowire sensor with respect to the laser [42]. Instead, we propose
to investigate the feasibility of using single-crystal diamond as an alternative material to
single-crystal silicon for fabricating sensitive cantilevers for force detection. Due to the
regularity of the crystal lattice of diamond, mechanical structures based on it potentially
would have low dissipation and high mechanical Q factor. It is hoped that single-crystal
diamond cantilevers would out-perform silicon cantilevers in giving higher Q factor and,

thus, lower thermal noise and higher sensitivity.

17
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Figure 4.1: Proposed Fabrication of Single-Crystal Diamond Cantilever

4.2 Strategy

A proposed fabrication plan is presented in Figure 4.1. Major challenges in this plan
include successful bonding of single-crystal diamond sheets to silicon carrier wafers, as
well as smoothly etching the 10 um-thick diamond sheet down to around 100nm, a thick-
ness range optimal for ultra-sensitive force detection based on our experience with silicon
precedents [44].

Another potential advantage of diamond cantilevers is the smaller dielectric constant
of diamond compared to that of silicon, which might give smaller intrinsic noncontact
friction and obviate the need to coat the cantilever with organic polymer prior to sample
loading. If so, elegant UV-induced alkylation of H-terminated diamond surface would
allow easy and specific targeting of samples such as amyloid oligomers to the tip of the

cantilever.

4.3 Results

We tested the feasibility of fabricating micro-sized cantilevers from diamond by subject-
ing commercially available wafers carrying a 300 nm thin film of ultra-nanocrystalline
diamond (UNCD) to the 10-step fabrication sequence after the diamond thinning step as

showing in Figure 4.1. Optical images of the wafer at various steps of the fabrication pro-

18



4.4. OUTLOOK Ye Tao

Figure 4.2: Images of UNCD wafers at various processing steps.

cess are shown in Figure 4.2. The yield of this idealized process was shown to be around
75%. A major loss mechanism is due to the stress of the silicon oxide layer, which some-
times spontaneously tear when underlying silicon wafer has been removed by backside

reactive-ion etching (Figure 4.3).

4.4 OQutlook

The success in the fabrication of nanocrystalline diamond cantilevers demonstrate that
micron-sized MEMS devices can be carved out of diamond using conventional pho-
tolithography and etching techniques. The next challenge is to demonstrate that high-
quality single-crystal diamond films can be fabricated by a top-down approach and also
secured attached to a carrier substrate. To achieve these goals, I have followed and are

currently improving upon the fabrication sequence shown in Figure 4.1.

Figure 4.3: Images of UNCD wafers before HF release step. Thermal SiO2 layer has substantial strain and

its tearing contributes to the loss of cantilevers.

19
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