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capabilities of this microscope enabled the observation of hyperpolarized proton magnetization in a nitroxide-doped polymer film using
dynamic nuclear polarization in concert with mechanically detected magnetic resonance. In this report we describe what we have learned
during the course of the grant and how we can apply these new insights to achieve (1) the proposed magnetic resonance characterization and
imaging of organic semiconductor devices and (2) the long-term goal of imaging individual macromolecular complexes by magnetic
resonance force microscopy.
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In the Fall of 2013, Marohn was contacted by Dr. Andrew Harter who leads a team developing a magnetic resonance force
microscope at the Oak Ridge National Laboratory. On February 6, 2014, Dr. Harter and his collaborators flew to Ithaca, New
York, for a long day of technical discussions with Marohn and his team at Cornell. The visitors included Andrew Harter (Oak
Ridge National Laboratory; DOE), Heath Huckabay (Oak Ridge National Laboratory; DOE), Matthew Wellons (Savannah River
National Laboratory; DOE), and Christopher Klug (U.S. Naval Research Laboratory). The goal of the visit was to use the
Marohn team’s experience in designing and constructing a magnetic resonance force microscope to help the Oak Ridge team
make key design decisions for a microscope they are building. During the visit, the two teams identified areas of possible
collaboration, such as developing sample-locating protocols. The trip moreover spurred Marohn and co-workers to release their
cantilever-analysis and signal-simulation software into the public domain.

Marohn and his team released their algorithms for extracting the time-dependent frequency of an oscillator into the public
domain as a Python package, FregDemod, on 01/24/2015 under the GNU General Public License, Version 3. The release
consists of three components: (1) python package, https://pypi.python.org/pypi/FreqDemod, available on the Python Package
Index for installation on any computer running Python using the pip install mechanism; (2) source code, https://github.
com/JohnMarohn/FregDemod, freely available on GitHub for anyone to download or modify. Interested parties can submit code
revisions to the main code repository using GitHub’s pull request feature; and (3) documentation, http://FreqDemod.rtd.org,
released through the free ReadTheDocs service. The documentation includes an ipython notebook showing how to use the
package’s code to extract the time-dependent frequency and amplitude of a sine-wave oscillation. The release includes over
1900 lines of code, including extensive in-line documentation; a first-principles derivation of cantilever thermomechanical
fluctuations and force noise; and an exhaustive first-principles derivation of cantilever phase and frequency noise.

In February 2016, we modified the FreqDemod package to be Python 3.4 compatible. This modification was in response to a
request by Ray Schumacher, a Programmer/Engineer at Jan Medical, Inc. (http://janmedical.com; 110 Pioneer Way, Suite L;
Mountain View, CA 94041). The company produces a headset with embedded sound pressure-level sensors for diagnosing
concussions.

Continuing a long-standing collaboration, Professor Lee Harrell of the U.S. Military Academy visited the Cornell magnetic
resonance force micrsocope laboratory on December 16 — 18, 2013; July 28 — August 1, 2014; December 14 — 18, 2015; and
January 11 — 15, 2016. Professor Harrell is working with cadets at the U.S. Military Academy to numerically simulate the effect
of electrical oscillator phase noise in the parametric-upconversion magnetic resonance force microscope experiment invented at
Cornell (E. W. Moore, S.-G. Lee, S. A. Hickman, L. E. Harrell, and J. A. Marohn, Evading surface and detector frequency noise
in harmonic oscillator measurements of force gradients, Appl. Phys. Lett., 2010, 97, 044105, URL http://dx.doi.org/10.1063/1.
3465906). He has served as a beta-tester for our open-source frequency-demodulation code, FregDemod, discussed above.
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Abstract

This report describes work accomplished under the U.S. Army Research Office grant
“Nanoscale magnetic resonance imaging and characterization of organic electronic materi-
als” (P.I.: John A. Marohn, Cornell University; grant no. W911NF-12-1-0221; 06/01/2012
to 05/30/2016). The main accomplishment of the grant was the development of a magnetic
resonance force microscope capable of detecting magnetic resonance signal from an or-
ganic semiconductor device as thin as ca 50 nm. The microscope employs a magnet-tipped
attonewton-sensitivity microcantilever, operates with the sample in vacuum at a tempera-
ture of 4.2 kelvin, and is capable of mechanically detecting, in a single experiment, electron
spin resonance at fields up to 0.6 tesla and nuclear magnetic resonance at fields up to 9 tesla.
The unique capabilities of this microscope enabled the observation of hyperpolarized pro-
ton magnetization in a nitroxide-doped polymer film using dynamic nuclear polarization in
concert with mechanically detected magnetic resonance. In this report we describe what
we have learned during the course of the grant and how we can apply these new insights
to achieve (1) the proposed magnetic resonance characterization and imaging of organic
semiconductor devices and (2) the long-term goal of imaging individual macromolecular
complexes by magnetic resonance force microscopy.
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doctoral fellow by this grant in Year 1. Since July 2013 she has been employed
as a member of the technical staff at the MIT Lincoln Laboratories, working on
the laboratory’s superconducting qubits team. Her current work is of great inter-
est to the Department of Defense; her team is funded by the Office of the Direc-
tor of National Intelligence (ODNI), the Intelligence Advanced Research Projects
Activity (IARPA), and Air Force Office of Scientific Research (AFOSR) (URL
http://meetings.aps.org/Meeting/MAR 14/Session/M36.4).

(h) Other Research staff: 1

Mr. Alexander Senko was employed full time in the summer of 2013 following his
graduation from Cornell University.

Technology Transfer

In the Fall of 2013, Marohn was contacted by Dr. Andrew Harter who leads a team devel-
oping a magnetic resonance force microscope at the Oak Ridge National Laboratory. On
February 6, 2014, Dr. Harter and his collaborators flew to Ithaca, New York, for a long
day of technical discussions with Marohn and his team at Cornell. The visitors included
Andrew Harter (Oak Ridge National Laboratory; DOE), Heath Huckabay (Oak Ridge Na-
tional Laboratory; DOE), Matthew Wellons (Savannah River National Laboratory; DOE),
and Christopher Klug (U.S. Naval Research Laboratory). The goal of the visit was to use
the Marohn team’s experience in designing and constructing a magnetic resonance force
microscope to help the Oak Ridge team make key design decisions for a microscope they
are building. During the visit, the two teams identified areas of possible collaboration,
such as developing sample-locating protocols. The trip moreover spurred Marohn and co-
workers to release their cantilever-analysis and signal-simulation software into the public
domain.

Marohn and his team released their algorithms for extracting the time-dependent fre-
quency of an oscillator into the public domain as a Python package, FreqDemod, on
01/24/2015 under the GNU General Public License, Version 3. The release consists of
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three components: (1) python package, https://pypi.python.org/pypi/FreqDemod, avail-
able on the Python Package Index for installation on any computer running Python using
the pip install mechanism; (2) source code, https://github.com/JohnMarohn/FreqDemod,
freely available on GitHub for anyone to download or modify. Interested parties can sub-
mit code revisions to the main code repository using GitHub’s pull request feature; and
(3) documentation, http://FreqDemod.rtd.org, released through the free ReadTheDocs ser-
vice. The documentation includes an ipython notebook showing how to use the package’s
code to extract the time-dependent frequency and amplitude of a sine-wave oscillation. The
release includes over 1900 lines of code, including extensive in-line documentation; a first-
principles derivation of cantilever thermomechanical fluctuations and force noise; and an
exhaustive first-principles derivation of cantilever phase and frequency noise.

In February 2016, we modified the FreqDemod package to be Python 3.4 compati-
ble. This modification was in response to a request by Ray Schumacher, a Program-
mer/Engineer at Jan Medical, Inc. (http://janmedical.com; 110 Pioneer Way, Suite L;
Mountain View, CA 94041). The company produces a headset with embedded sound
pressure-level sensors for diagnosing concussions.

Continuing a long-standing collaboration, Professor Lee Harrell of the U.S. Military
Academy visited the Cornell magnetic resonance force micrsocope laboratory on Decem-
ber 16 — 18, 2013; July 28 — August 1, 2014; December 14 — 18, 2015; and January 11 — 15,
2016. Professor Harrell is working with cadets at the U.S. Military Academy to numerically
simulate the effect of electrical oscillator phase noise in the parametric-upconversion mag-
netic resonance force microscope experiment invented at Cornell (E. W. Moore, S.-G. Lee,
S. A. Hickman, L. E. Harrell, and J. A. Marohn, Evading surface and detector frequency
noise in harmonic oscillator measurements of force gradients, Appl. Phys. Lett., 2010, 97,
044105, URL http://dx.doi.org/10.1063/1.3465906). He has served as a beta-tester for our
open-source frequency-demodulation code, FreqDemod, discussed above.

Scientific Progress and Accomplishments

The starting point for this grant’s work is the magnet-tipped attonewton-sensitivity can-
tilevers developed by the Cornell magnetic resonance force microscope (MRFM) team
[Hickman 2010, Longenecker 2011]. In collaboration with Dan Rugar and John Mamin
at IBM Almaden, these cantilevers were used to detect nuclear magnetic resonance from
proton spins in a thin polystyrene film in vacuum at 4.2 kelvin, at a sensitivity of ap-
proximately 500 proton magnetic moments [Longenecker 2012]. This result suggested
the possibility of using the Cornell cantilevers to detect and image nuclear magnetic reso-
nance with a few-nanometer resolution in essentially any thin-film sample. The goal of this
proposal was to develop a microwire thin-film sample platform for the Cornell magnetic
resonance force microscope (MRFM) and, in combination with the Cornell cantilevers, use
this sample platform to characterize organic semiconductor thin-film devices.
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SPIN DETECTION

By the end of Year 1, we had completed the construction and testing of the major subsys-
tems of our team’s cryogenic magnetic resonance force microscope. We had furthermore
demonstrated the ability to bring a high-compliance cantilever into near-contact with a sur-
face in vacuum at a temperature of 4.2 kelvin. Years 2 and 3 were occupied with simulating
micrometer-scale coplanar waveguides operating at frequencies up to 20 GHz; fabricating,
electrically characterizing, and installing the waveguides into the Cornell microscope; and
developing protocols for positioning a high-compliance cantilever over the waveguide at
liquid helium temperatures. This work is described in detail in our previous reports.

In the last quarter of Year 3 we observed 'H nuclear magnetic resonance at 6.0 tesla
in our apparatus. This experiment employed an attonewton-sensitivity cantilever with a 7
micrometer-diameter nickel sphere tip. The sample was a 250 nm thick polystyrene film
doped with the free-radical TEMPAMINE at a concentration of 40 mM. This experiment
observed Curie-law magnetization from protons at temperature of 4.2 kelvin. During the
extension period, we observed electron-spin resonance signal from the Curie-law magne-
tization of the sample’s nitroxide molecules at 0.6 tesla and 4.2 kelvin. This success was
followed by the observation of nuclear magnetic resonance signal at 0.6 tesla from proton
spins whose magnetization has been enhanced by 10 to 20 fold via cross-effect [Maly 2008]
dynamic nuclear polarization.

These results represent the first time that microwave-induced dynamic nuclear polar-
ization has been observed in a magnetic resonance force microscope experiment. The
results of these experiments were published in April 2016 [Isaac 2016]. The manuscript
is 14 pages long and consists of 9 figures, 2 tables, and 58 references. The supporting-
information document is 6 pages long and consists of 4 figures, 1 table, and 11 references.

IMAGE RECONSTRUCTION

In Years 2 and 3 we devoted effort to evaluating and improving protocols for recon-
structing an image of a sample’s subsurface spin density from measurements of spin forces
or force gradients as a function of cantilever position. At the start of this work, the
state-of-the-art reconstruction method was the iterative Landweber-style algorithm used
by the IBM team in their MRFM virus imaging experiment [Degen 2009]. While this al-
gorithm was successful, it took nearly three days of computation time to converge. We
succeeded in developing two improved algorithms for reconstructing the proton density
of a virus-scale object: a greatly accelerated iterative Landweber-style algorithm and an
essentially instantaneous Fourier-based deconvolution stabilized by Tikhonov regulariza-
tion. We then explored the use of Bayesian-based reconstruction algorithms because they
(1) can systematically incorporate sample assumptions such as positive-definite spin den-
sity and (2) can in principle produce spin-density error bars along with the reconstructed
image. We implemented iterative Bayesian-based reconstruction algorithms using Markov
chain Monte Carlo (MCMC) techniques. To date we have succeeded in implementing a
Bayesian MCMC reconstruction algorithm for a few-spin system.



CONCLUSIONS

Flipping nuclear spins in solids with high fidelity requires millitesla-amplitude radiofre-
quecy (rf) magnetic fields. In order to meet the few-milliwatt power budget of a cryo-
genic magnetic resonance force microscope experiment, we chose to generate the required
rf magnetic fields using a microwire [Poggio 2007]. In the Cornell experiment, this mi-
crowire was integrated into a coplanar waveguide for operation up to 20 GHz, enabling
the observation of nuclear magnetic resonance (NMR), electron spin resonance (ESR), and
dynamic nuclear polarization (DNP) in a single experiment for the first time. Aligning a
high-compliance cantilever with the micrometer-scale feature of the waveguide at a tem-
perature 4.2 kelvin in vacuum was extremely challenging and took us nearly a year longer
than we anticipated. This development time could be reduced by a factor of four or more
by purchasing a closed-cycle refrigerator (from, for example, Leiden Cryogenics) with au-
tomated, overnight cooling to/from 4.2 kelvin.

Our successful (1) integration of a microwire magnetic field source into a coplanar
waveguide and (2) invention of protocols for aligning a high-compliance cantilever oper-
ated in the “hangdown” geometry with this microwire should now enable the study of thin
film devices prepared on the coplanar waveguide. To minimize sample charging and main-
tain cantilever force sensitivity near the sample, the sample should be metal coated. Our
previous experiments suggest that such a metal coating should improve the surface-related
frequency noise experienced by a high-compliance cantilever near a polymer surface [Hick-
man 2010]. We have already shown that spin signal can be observed with a magnet-tipped
cantilever “through” the metal coating [Moore 2009].

Alexson and coworkers have shown that a high-compliance magnet-tipped cantilever can
be used in an MRFM experiment to observe the longitudinal component of the sample’s
nuclear spin magnetization in real time while the magnetization undergoes spin-lattice re-
laxation [Alexson 2012, Isaac 2016]. Taken together with the results of this grant, we
conclude that MRFM is ready to study the nuclear spin relaxation times of thin-film semi-
conductor devices at cryogenic temperatures. The sample’s relaxation times can be studied
as a function of temperature, illumination intensity and wavelength, and applied electric
field. The relaxation times can be profiled in one dimension as a function of sample depth
with a few-nanometer resolution by varying either the RF frequency or the static magnetic
field [Isaac 2016].

Enhancing the nuclear magnetic resonance signal from an organic semiconductor de-
vice using DNP requires doping the sample with a stable free radical. For spin-cast sam-
ples, this doping step will be straightforward to implement. For thermally-evaporated sam-
ples, further work will be required to assess the stability of potential free-radical dopants
in vacuum at elevated temperature. The scanned-probe magnetic resonance force micro-
scope developed for this grant can be used without modification to detect NMR, ESR,
and DNP in a nitroxide-doped biomolecule sample. Obtaining a three-dimensional im-
age of a biomolecule with 5 nm resolution or better in our apparatus requires the use of
an attonewton-sensitivity cantilever with a 100 nm diameter magnetic tip [Longenecker



2012] and DNP operating with an enhancement factor of 10 to 20 [Isaac 2016]. Both of
these requirements have been met, but in separate experiments. The further studies that
will be required to establish the joint use of small-diameter tips and DNP in a single-
molecule MRFM imaging experiment are discussed in detail by Isaac and coworkers in
their manuscript [Isaac 2016].

More work is required to implement a rapid and robust MRFM three-dimensional im-
age reconstruction algorithm for a dense sample of spins. The lack of a fast and stable
image reconstruction algorithm, and not the available signal-to-noise ratio or hardware, is
presently the main impediment to create three dimensional images of spin density in both
thin-film devices and isolated biomacromolecule samples. The work done on this grant
demonstrates that there is considerable room for invoking improved numerical implemen-
tations of existing algorithms and for inventing new image-reconstruction algorithms.
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