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Major Goals: The goal of the proposed research program is to develop fundamentally new approaches in force-
detected magnetic resonance techniques and achieve nanometer-scale nuclear spin imaging. During the past
several years, our group has pursued this goal using silicon nanowire (SiNW) resonators for force detection. The
ultralow mechanical dissipation inherent in SINW resonators is ideally suited for detecting sub-attonewton-scale
forces. Recently, we have used radio frequency (RF) SiINW resonators to detect proton spins in polystyrene with a
near thermally limited force sensitivity of 1.9 aN*2/Hz; this result represents a significant improvement in sensitivity
over previous published MRFM data. To achieve this result, we developed a new spin detection protocol which
uses time-dependent magnetic field gradients, generated by passing electric currents through a narrow metallic
constriction, to achieve efficient coupling between nuclear spins and an RF mechanical resonator. The ability to
generate time dependent field gradients opens the possibility for applying well-established Fourier encoding
techniques for efficient MRFM imaging. The proposed work seeks to develop nanowire-based MRFM techniques
and achieve nanometer-scale proton imaging by:

1. Achieving sub-attonewton force sensitivity using ultra-sensitive RF nanowire mechanical resonators.

2. Generating intense pulsed field gradients greater than 10*6 T/m on the nanometer scale.

3. Developing efficient spin imaging protocols using time-dependent and gradients, compatible with imaging
statistical polarization.

4. Finding materials that optimize the force detection sensitivity of RF nanowire mechanical resonators.

Accomplishments: During the funding period of the grant, we succeeded in achieving several of the major goals
of the proposal, namely (1) the ability to generate intense time dependent magnetic field gradients on the
nanoscale, (2) the development of an efficient imaging protocol for encoding statistical polarization, and (3) the
development of a robust fabrication process for mode engineering silicon nanowire (SiNW) mechanical resonators
for use in magnetic resonance force microscopy experiments. By flowing current approaching 1029 A/cm”2 through
nanoscale constrictions patterned into silver films deposited on MgO, we could generate magnetic field gradients
approaching 10*6 T/m. These large gradients in conjunction with the ultra-high force sensitivity of SINW resonators
allowed for high sensitivity spin detection. The large time-dependent magnetic field gradients, also allowed to to
encode spatial location for high resolution imaging. We developed a new method of Fourier transform imaging
capable of encoding the statistical polarization and applied this technique to image proton spins in a polystyrene
sample attached to the tip of the SINW resonator. Using the gradients generated by the constriction, we
demonstrated two-dimensional Fourier transform imaging of proton spins with approximately 10-nm x 15-nm spatial
resolution. The initial experiments with polystyrene represent a proof-of-concept of multi-dimensional imaging using
the time-time-dependent fields produced by the constriction. Although we demonstrated imaging in two dimensions,
the techniques presented here can be readily extended to three dimensions by fabricating gradient sources
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capable of applying gradients in all three directions.

The two main challenges to achieving higher spatial resolution is extending the spin coherence times, and
achieving higher detection signal-to-noise ratio. Future work will focus on developing the capability to apply high-
resolution magnetic resonance techniques, such as dynamical decoupling, to enhance spin coherence times. In
addition, we will explore dynamic nuclear polarization as a means to significantly increase the spin signal.

In 2014, | have begun construction of labs at the Institute for Quantum Computing at the University of Waterloo in
Canada. These labs will be dedicated to developing the nanowire-based MRFM platform. In particular, we are
constructing an ultra-high vacuum CVD system for growing high quality SiNW resonators for MRFM and a
dedicated 300-mK MRFM apparatus for dynamics nuclear polarization experiments and single-electron spin
imaging.

Training Opportunities: During the 3-year funding period, the following students received training:

John Nichol (PhD received in 2013) — John developed the silicon nanowire based magnetic resonance force
microscopy (MRFM) platform. John received extensive training in magnetic resonance spectroscopy, scanning
probe microscopy, low temperature techniques, and ultra-sensitive force detection. John was the lead student on
this project; he was the first author on 4 papers. For his development of nanowire-MRFM spin detection techniques,
John was an invited speaker at the American Physical Society March Meeting, and Nano-MRI conference—an
international conference that hosts world-renowned researchers in the field of nanoscale spin detection. John
received the prestigious John Bardeen Award from the Department of Physics at the University of lllinois for his
outstanding graduate work in Condensed Matter Physics. This award is given to one outstanding student each
year. John is currently a postdoc with Amir Yacoby at Harvard, working on spin qubits.

2. William (Bill) Rose (PhD student) — Bill joined the group in 2014 to extend the nanowire-based MRFM
measurements to include high resolution magnetic spectroscopy. Bill is focusing on using optimal control theory
techniques to implement high-fidelity quantum control of nuclear spins in nanoscale ensembles. This capability will
be essential to being able to implement high-resolution NMR techniques, such as dynamical decoupling pulse
sequences, in our nano-MRI setting. As discussed in the Accomplishments section, such techniques will be
essential to extending spin coherence times, allowing us to significantly enhance the spatial resolution MRI
imaging.

3. Angela Chen (MSc student) — Angela was the nano fabrication expert in my group, in charge of fabricating the
current focusing field gradient sources for the MRI measurements. Angela received extensive training in nano-
fabrication techniques, including optical and e-beam lithography and epitaxial growth of metal films on insulators. In
addition Angela learned many advanced characterization techniques including electron microscopy, atomic force
microscopy, X-ray diffraction, and EDX.

4. William (Will) McFaul (MSc student) — Will was involved with the project for two year. His main contribution was
to design and construct a free space interferometer for displacement detection of silicon nanowire mechanical
resonators. Will successfully constructed an high-sensitivity interferometer, capable of working at low light level,
and able to sense the SINW motion at the theoretical shot-noise limit of the interferometer. In conducting this work,
Will gained valuable experience in optics, high precision current measurements, and finite-element simulation. Will
also took part in the nano-fabrication efforts in mode shaping of the SiNW resonators.

Results Dissemination: In 2015, | organized the 5th nanoMRI conference at the University of Waterloo, bringing
together over 30 invited speakers and 60 graduate students and postdocs working in the areas of nanoscale spin
detection, quantum sensing, and nano-mechanics. Our results were prominently featured at both the 4th nanoMRI
conference in 2012 and the 5th nanoMRI conferences. In addition, the results obtained during this funding period
were presented in numerous department seminars, colloquia and workshops, both in North America and in Europe.

While at the University of lllinois, | sponsored two REU undergraduate students during Summer 2012 and 2013.
The students participating in the program came from smaller Physics Departments, and did not have access to
significant research opportunities. Each student worked closely with me and my students to gain valuable lab
experience. Projects included construction and testing of high frequency mixer circuitry for frequency demodulation,
and other RF circuitry for NMR experiments.
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