
Standard Form 298 (Rev 8/98) 
Prescribed by ANSI  Std. Z39.18

Final Report

W911NF-12-1-0587

61936-MS.11

614-247-6928

a. REPORT

14.  ABSTRACT

16.  SECURITY CLASSIFICATION OF:

1. REPORT DATE (DD-MM-YYYY)

4.  TITLE AND SUBTITLE

13.  SUPPLEMENTARY NOTES

12. DISTRIBUTION AVAILIBILITY STATEMENT

6. AUTHORS

7.  PERFORMING ORGANIZATION NAMES AND ADDRESSES

15.  SUBJECT TERMS

b. ABSTRACT

2. REPORT TYPE

17.  LIMITATION OF 
ABSTRACT

15.  NUMBER 
OF PAGES

5d.  PROJECT NUMBER

5e.  TASK NUMBER

5f.  WORK UNIT NUMBER

5c.  PROGRAM ELEMENT NUMBER

5b.  GRANT NUMBER

5a.  CONTRACT NUMBER

Form Approved OMB NO. 0704-0188

3. DATES COVERED (From - To)
-

Approved for public release; distribution is unlimited.

UU UU UU UU

01-11-2018 26-Sep-2012 25-Jan-2016

Final Report: Nanoscale Resolution Magnetic Resonance Studies 
of Spin Dynamics and Defect Properties in Diamond 
Nanostructures

The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department 
of the Army position, policy or decision, unless so designated by other documentation.

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS
(ES)

U.S. Army Research Office 
 P.O. Box 12211 
 Research Triangle Park, NC 27709-2211

REPORT DOCUMENTATION PAGE

11.  SPONSOR/MONITOR'S REPORT 
NUMBER(S)

10.  SPONSOR/MONITOR'S ACRONYM(S)
    ARO

8.  PERFORMING ORGANIZATION REPORT 
NUMBER

19a.  NAME OF RESPONSIBLE PERSON

19b.  TELEPHONE NUMBER
Peter Hammel

611102

c. THIS PAGE

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, 
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments 
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington 
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.  
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection 
of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

Ohio State University
1960 Kenny Road

Columbus, OH 43210 -1016



Agency Code:  

Proposal Number:  61936MS

Address:  1960 Kenny Road, Columbus, OH  432101016 
Country:  USA
DUNS Number:  832127323 EIN: 316025986 

Date Received:  01-Nov-2018
Final Report for Period Beginning 26-Sep-2012 and Ending 25-Jan-2016

Begin Performance Period: 26-Sep-2012 End Performance Period:  25-Jan-2016

Submitted By:  Peter Hammel
Phone:  (614) 247-6928

STEM Degrees:  2 STEM Participants:  3

RPPR Final Report 
as of 02-Nov-2018

Agreement Number:  W911NF-12-1-0587

Organization:  Ohio State University

Title:  Nanoscale Resolution Magnetic Resonance Studies of Spin Dynamics and Defect Properties in Diamond 
Nanostructures

Report Term:  0-Other
Email:  hammel.7@osu.edu

Distribution Statement:  1-Approved for public release; distribution is unlimited.

Major Goals:  Diamond is a material of increasing technological and scientific importance.  Compared to Si and 
other wide-bandgap materials, diamond has significantly higher thermal conductivity and electric breakdown field.  
It also outperforms Si and other wide-bandgap materials in other figures of merit relevant for electronic applications 
such as switching speed and power handling capacity. The importance of diamond is further enhanced by its ability 
to host nitrogen-vacancy (NV) centers which exhibit a spin-dependent photoluminescence.  This provides a very 
sensitive optical means of detecting the electron spin resonance of the electron spin moment associated with the 
center magnetic resonance.  This provides a platform for ultrasensitive spatially resolved magnetometry and for 
quantum technological applications.  Diamond, in addition to being a stable fluorophore is also bio-compatible 
making it attractive for biophysical and biomedical applications.  All these characteristics make diamond an 
important subject for material characterization studies for electronic and spintronic science and technology, and for 
spin based sensing applications.



We seek to characterize the properties of diamond using magnetic resonance force microscopy, or MRFM which 
enables spatially resolved magnetic resonance studies of wide-bandgap electronic and spintronic materials in 
general and of diamond in particular. We focus here on studies of the dynamics of the spins present on point 
defects in diamond. MRFM is a particularly powerful probe given its applicability to diverse spin species in diamond 
regardless of their optical activity.  In particular this approach allows studies of the P1 defect center, a spin-1/2 
defect that is optically inactive.   Our MRFM has a spin sensitivity at the level of few electron spins enabling ESR 
investigation of few or single point defects. 



MRFM is currently limited to force detection of magnetic resonance at frequencies much less than the resonant 
frequency.  The recent demonstration of mechanical resonators with characteristic frequencies in the MHz regime 
opens the possibility of matching the detector frequency to the Larmor frequency of the nuclear spin.  This 
approach to mechanical detection is analogous to conventional inductively detected NMR and would benefit from 
applying techniques developed there. Larmor detection of nuclear magnetic resonance offers important advantages 
over longitudinal detection.  These include a) high bandwidth detection naturally reveals details of the nuclear spin 
dynamics; the high gradient nanomagnetic probe tip, whose position relative to the sample oscillates with the 
cantilever, naturally generates the large oscillating magnetic field needed to excite the magnetic resonance signal 
thus eliminating the need for external rf generator, c) it could enable application of powerful magnetic resonance 
techniques such as Fourier transform spectral analysis for spectroscopy and imaging.  We seek to pursue a novel 
approach to NMR measurements that relies on force detection of the precessing magnetic moment directly, that is 
at its precession frequency, by means of mechanical detector having a resonance frequency matched to the NMR 
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Accomplishments:  The goals of the program are sensitive and spatially-resolved detection of magnetic 
resonance to enable single bio-molecule imaging.  We highlight accomplishments under this funding:

1. Performed a few electron spin MRFM study of spin dynamical and transport properties in magnetic field 
gradient-defined, nanoscale volumes of diamond.

2. Discovered a NV-diamond based, non-resonant, broadband method of detecting the magnetic resonance of a 
target spin system that we label NV-NRB. 

3. Used NV diamond to perform an optically detected magnetic resonance study of the structural dynamics of an 
individual DNA molecule.

4. High quality factors and the displacement detection sensitivity needed for NMR de-tection of nuclear spin 
ensembles at their nuclear Larmor frequency were demonstrated in experiments aimed toward using high 
frequency mechanical membrane as mechanical magnetic resonance detectors.

Our work was presented in seven publications acknowledging this source of funding.  Below we discuss the 
advances in this program demonstrated in these four highlights.  The first highlights a fundamental advance in 
understanding the spin properties of diamond, a material of increasing technological and scientific importance.  We 
studied the spin proper-ties of diamond to provide foundational understanding for ultrasensitive magnetic 
resonance detection.  

The second highlight—our discovery of a new approach to using nitrogen-vacancy (NV) centers in diamond for 
detection of ferromagnetic resonance—motivated further studies  that advanced understanding of the use of 
ferromagnetic dynamics to enable sensitive NV-based optical detection of ferromagnetic resonance.  

The third highlights the application of sensitive, NV diamond-based detection to biomolecular magnetic resonance. 
This enabled a magnetic resonance experiment on a single DNA molecule.  

 Fourth, we demonstrated a novel approach to mechanical detection of magnetic resonance that could expand the 
capabilities of mechanically detected magnetic resonance to enable direct measurement of the precessing nuclear 
spin magnetization at its Larmor precession frequency. 

A key requirement for nanoscale magnetic resonance imaging experiments is the development of scanned probe 
technologies.  We integrated software feedback control with scanning hardware to build sophisticated and sensitive 
scanned probe microscope that demonstrated simultaneous measurement of magnetic and spin transport 
properties of magnetic systems.

Training Opportunities:  The scientific research reported here engaged undergraduate, graduate and 
postdoctoral scientists in the research enterprise.  This engages them in the complex, multi-dimensional process of 
scientific exploring cutting edge research problems, using state-of-the-art research tools, engaging with diverse 
researchers and colleagues to become proficient in new topical areas of scientific research, collaborating to 
achieve results beyond the capabilities of an individual and learning to communicate their methods and 
accomplishments.
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Results Dissemination:  This research was published in seven publications:

1. J. Cardellino, N. Scozzaro, M. Herman, A.J. Berger, C. Zhang, K.C. Fong, C. Jayaprakash, D.V. Pelekhov, and 
P.C. Hammel, "The effect of spin transport on spin lifetime in nanoscale systems." Nature Nanotechnology, 9(5): p. 
343-347 (2014)

2. C.S. Wolfe, V.P. Bhallamudi, H.L. Wang, C.H. Du, S. Manuilov, R.M. Teeling-Smith, A.J. Berger, R. Adur, F.Y. 
Yang, and P.C. Hammel, "Off-resonant manipulation of spins in diamond via precessing magnetization of a 
proximal ferromagnet." Physical Review B, 89(18): p. 180406 (2014)

3. A.J. Berger, M.R. Page, J. Jacob, J.R. Young, J. Lewis, L. Wenzel, V.P. Bhallamudi, E. Johnston-Halperin, D.
V. Pelekhov, and P.C. Hammel, "A versatile LabVIEW and field-programmable gate array-based scanning probe 
microscope for in operando electronic device characterization." Review of Scientific Instruments, 85(12): p. 123702 
(2014)

4. R. Adur, C.H. Du, J. Cardellino, N. Scozzaro, C.S. Wolfe, H.L. Wang, M. Herman, V.P. Bhallamudi, D.V. 
Pelekhov, F.Y. Yang, and P.C. Hammel, "Microscopic studies of nonlocal spin dynamics and spin transport." 
Journal of Applied Physics, 117(17): p. 172604 (2015)

5. S.A. Manuilov, C.H. Du, R. Adur, H.L. Wang, V.P. Bhallamudi, F.Y. Yang, and P.C. Hammel, "Spin pumping 
from spinwaves in thin film YIG." Applied Physics Letters, 107(4): p. 042405 (2015)

6. A.J. Berger, M.R. Page, H. Wen, K.M. McCreary, V.P. Bhallamudi, R.K. Kawakami, and P.C. Hammel, 
"Correlating spin transport and electrode magnetization in a graphene spin valve: Simultaneous magnetic 
microscopy and non-local measurements." Applied Physics Letters, 107(14): p. 142406 (2015)

7. R.M. Teeling-Smith, Y.W. Jung, N.J. Scozzaro, J. Cardellino, I. Rampersaud, J.A. North, M. Simon, V.P. 
Bhallamudi, A. Rampersaud, E. Johnston-Halperin, M.G. Poirier, and P.C. Hammel, Electron Paramagnetic 
Resonance from a Single Biomolecule. Biophysical Journal, 108(2): p. 337A (2015)



These results were presented in eleven invited talks:

1. “Spin Transport via Collective Spin Excitations,” presented at the March Meeting of the American Physical 
Society, Baltimore MD, March 2016

2.  “Spin Transport Driven by Magnetization Dynamics: Nanoscale studies of spin dynamics,” invited talk 
presented at the 8th ASRC International Workshop on Spin Mechanics, Tokai, Japan, 24–26 February 2013

3. “Spin dynamics and transport in nanoscale volumes,”Keynote talk presented at the 2014 Annual Meeting of the 
AAAS, 13–17 February 2014, Chicago, IL

4. “Probing the Influence of Interfaces in Spin Pumping,” SPIE Spintronics VII, 17–21 August 2014, San Diego, 
California

5. “The Role of Interfaces in Dynamic Spin Transport,” 59th Annual Magnetism and Magnetic Materials 
Conference, 3–7 November 2014, Honolulu, Hawaii

6. “Spin Transport by Collective Magnetization Excitations,” Santorini IV Workshop on Complex Oxides, 
Porquerolles, France, 16 June 2016

7. “Spin dynamics and transport in nanoscale volumes,” Condensed Matter Physics Seminar, UCLA Department 
of Physics & Astronomy presented 17 January 2014, Los Angeles, CA

8. “Spin dynamics and transport in nanoscale volumes,” Materials Colloquium, Los Alamos National Laboratory, 
22 January, 2014, Los Alamos, NM

9. “Probing the Influence of Interfaces in Spin Pumping,” Condensed Matter Seminar, Service de Physique de l’
Etat Condense, CEA, Saclay, France, 23 September 2015

10. “Probing the Influence of Interfaces in Spin Pumping,” Seminar, SPINTEC, CEA Grenoble, France, 15 October 
2015

11. “Probing the Influence of Interfaces in Spin Pumping,” Seminar, Institute for Metallic Materials (IMW) Leibniz 
Institute for Solid State and Materials Research Dresden, 21 October 2015
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Final Report ARO contract W911NF-12-1-0587:  Nanoscale resolution magnetic resonance 
studies of spin dynamics and defect properties in diamond nanostructures 

P.C. Hammel, Department of Physics, Ohio State University 

Here we describe recent research activities sup-
ported by ARO funding under contract 
W911NF1210587 for the period Sep, 26 2012 to 
Jan, 25 2016.  The broad goals of the program are 
sensitive and spatially-resolved detection of 
magnetic resonance to enable single bio-mole-
cule imaging.  We highlight accomplishments un-
der this funding: 
1. Performed a few electron spin MRFM study 

of spin dynamical and transport properties in 
magnetic field gradient-defined, nanoscale 
volumes of diamond [1]  

2. Discovered a NV-diamond based, non-reso-
nant, broadband method of detecting the 
magnetic resonance of a target spin system 
that we label NV-NRB [2]  

3. Used NV diamond to perform an optically 
detected magnetic resonance study of the 
structural dynamics of an individual DNA 
molecule [3] 

4. High quality factors and the displacement 
detection sensitivity needed for NMR detec-
tion of nuclear spin ensembles at their nu-
clear Larmor frequency were demonstrated 
in experiments aimed toward using high fre-
quency mechanical membrane as mechani-
cal magnetic resonance detectors. 

Our work was presented in seven publications 
[1-7] acknowledging this source of funding.  Be-
low we discuss our advances in this program as 
demonstrated in these four highlights.  The first 
[1] highlights a fundamental advance in under-
standing the spin properties of diamond, a mate-
rial of increasing technological and scientific im-
portance.  Our study of the spin properties of di-
amond provides foundational understanding for 
ultrasensitive magnetic resonance detection.   

The second highlight—our discovery of a 
new approach to using nitrogen-vacancy (NV) 
centers in diamond for detection of ferromag-
netic resonance [2]—motivated further studies 
[4, 5] that advanced understanding of the use of 

ferromagnetic dynamics to enable sensitive NV-
based optical detection of ferromagnetic reso-
nance.   

The third [3] highlights the application of 
sensitive, NV diamond-based detection to bio-
molecular magnetic resonance. This enabled a 
magnetic resonance experiment on a single DNA 
molecule [3].   

 Fourth, we demonstrated a novel approach 
to mechanical detection of magnetic resonance 
that could expand the capabilities of mechani-
cally detected magnetic resonance to enable di-
rect measurement of the precessing nuclear spin 
magnetization at its Larmor precession fre-
quency.  

 A key requirement for nanoscale magnetic 

Figure 1: MRFM spin wire setup, schematic of spin dynamics 
in wire, and spin noise measurements. a, MRFM setup for 
measuring spin noise in the 200 nm x 250 nm x 4 μm spin 
wire of P1 centers in diamond. As the cantilever oscillates, 
the slice sweeps out the spin detection volume.  b-e, Sche-
matic showing the detection volume as it is walked into the 
spin wire, the rectangular stripe region. The thick double ar-
rows represent flip-flop-mediated spin diffusion in and out 
of the detection volume. f, The spin signal (purple circles) in-
creases as a function of walk-in distance until the volume is 
fully inside the spin wire as in (e). g, The correlation time of 
the measured spins (green diamonds).As spins are forced to 
diffuse a longer distance to exit the volume, the correlation 
time increases, but once the measurement volume is fully 
inside the stripe (d and e), spins can diffuse out both sides, 
decreasing the correlation time to roughly half the peak 
value. Solid black lines show simulation results. 
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resonance imaging experiments is the develop-
ment of scanned probe technologies.  We inte-
grated software feedback control with scanning 
hardware [6] to build sophisticated and sensitive 
scanned probe microscope that demonstrated 
simultaneous measurement of magnetic and 
spin transport properties of magnetic systems 
[7].   

These advances, described in seven ARO 
sponsored publications have advanced the pro-
spects for ultrasensitive magnetic resonance de-
tection applied to single molecule nuclear mag-
netic resonance imaging. 

Equilibrium spin transport and dynamics 
in a diamond spin nanowire [1] 
We have used nanoscale EPR [1] to probe the 
spins within a nanoscale channel of implanted ni-
trogen (P1) centers in diamond to investigate the 
relationship between spin lifetime and transport 
dynamics in small electron spin ensembles 
within this nanoscale spin wire [1]. Using mag-
netic resonance force microscopy (MRFM) [8, 9]  
to measure the statistical fluctuations of the en-
semble magnetization [10], we observe that spin 
lifetime is dominated by spin transport rather 
than conventional spin-lattice relaxation mecha-
nisms.  

We scanned the detection volume defined 
by the magnetic field gradient of the tip into the 
spin wire (Figure 1 (a–e)) and measured the 
force exerted on the cantilever by the selected 
spins. The measured correlation or spin memory 
loss time tm, shows complex behavior arising 
from spin transport as the detection volume 
moves into the wire:  ensemble correlation is lost 
as a consequence of the diffusion of spin into or 
out of the detection volume (Figure 1). Depend-
ing on parameter values, similar lifetime effects 
will impact optically detected nanoscale mag-
netic resonance and imaging.  

Discovery of NV-NRB: Novel detection of 
target spins [2] 

Conventional ODMR detection is based on 
observing changes in the optical fluorescence of 

an NV center in response to magnetic resonance 
induced transitions of its spin state [11]. We 
demonstrated [2]  a qualitatively different 
method of optically detecting magnetic 
resonance. We find that exciting the target spins 
directly alters the magnetization of the NV 
center thus altering the NV fluroscence. We have 
demonstrated this for both ferromagnetic and 
paramagnetic target spins. The microscopic de-
tails of the underlying mechanism are under in-
vestigation.  

Figure 2 shows the fluorescence intensity of 
NV centers in nanodiamonds dispersed on the 
surface of 20 nm thick YIG ferromagnetic film 
recorded as a function of magnetic field and mi-
crowave frequency. In addition to the standard 
NV ODMR powder spectrum the fluorescence is 
suppressed along a curve precisely following the 
dispersion relationship of the uniform Ferromag-
netic Resonance (FMR) mode in the YIG film as 
shown by the solid blue line. These data demon-
strate that the NV fluorescence is altered by the 
FMR excitation at frequencies nonresonant with 

Figure 2: NV-NRB detection of proximal FM and paramag-
netic centers: Inset: Schematic of experimental setup in-
cluding laser excitation of nanodiamonds (red mound), MW 
delivery by a patterned stripline, and fluorescence collec-
tion.  NV non-resonant detection of FMR in YIG. The intrinsic 
NV resonance branches of the ground state and excited 
state begin at 2.87 GHz and 1.5 GHz, respectively, in zero-
field. NV fluorescence is suppressed along the YIG FMR dis-
persion (labeled) far from the NV resonance conditions and 
over a broad range of frequencies.  
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the NV center transitions themselves. The inten-
sity of the signal is comparable to that achieved 
by direct microwave excitation resonant with the 
NV center.   

The ability to optically detect magnetic res-
onance at arbitrary off-resonant frequencies 
provides a flexible and complementary approach 
to conventional ODMR, and hence a distinct and 
flexible approach to nano MRI of materials.   

ESR Measurement of a Single Labeled 
DNA molecule using NV ODMR [3] 
The dynamics of DNA molecules, important de-
terminants of protein expression, are hard to 
measure and not well understood. Single-mole-
cule EPR could provide a powerful tool for stud-
ying this.  We site-selectively labeled individual 
double-stranded DNA molecules with a single 
nanodiamond containing NV centers. We de-
tected the motion of the biomolecule and asso-
ciated nanodiamond through resulting varia-
tions in the spin resonance frequency of the NV 
centers [3] which can be measured optically 
through their spin-dependent fluorescence [12].  

Figure 3 schematically depicts the custom-
built ODMR microscope used for the experi-
ment.  The key features are a confocal micro-
scope, a coplanar MW antenna integrated with 
fluid circuits and an external magnetic field ap-
plied by a set of rare-earth magnets.  

The magnetic resonance of the NV centers 
was detected using what we will refer to as con-
ventional continuous wave (CW) ODMR, which is 
obtained by measuring the changes in fluores-
cence of NV centers while the microwave excita-
tion frequency is swept. Figure 3(b) shows the 
optically detected magnetic resonance (ODMR) 
spectra of NV centers detected at room temper-
ature in a single nanodiamond crystal attached 
to a single DNA molecule at three applied fields.  
The close similarity of the spectra associated 
with the moving nanodiamond on the end of a 
DNA strand to a powder spectrum confirms our 
expectation that the nanodiamond probe ro-
tates isotropically, and hence freely, through all 
possible orientations on a timescale that is slow 

compared to the transverse spin relaxation time 
T2 for NV centers.    

Toward direct detection of nuclear mag-
netic resonance using a high frequency 
mechanical membrane 

Experiments on high frequency mechanical 
membranes that will be used for NMR detection 
of nuclear spin ensembles at their nuclear Lar-
mor frequency have demonstrated the needed 
high quality factors and the required displace-
ment detection sensitivity. Here, the nuclear 
spin precession frequency is matched to the me-
chanical resonant frequency of the membrane. 
The match in frequencies allows the radio fre-
quency magnetic field to be produced by the mo-
tion of the detector relative to a micromagnet of-
fering an effective and sensitive route to Larmor 
frequency magnetic resonance detection.  

We assembled an apparatus for direct de-
tection of nuclear magnetic resonance using a 

Single crystal 
nanodiamond + 
single DNA 

(a) 

(b) 

Figure 3: a) A schematic of the custom-built confocal micro-
scope with integrated flow cell and microwave stripline, illus-
trating eight flow channels for in-vitro single molecule exper-
iment, running perpendicular across the microwave coplanar 
waveguide.  The microwave circuit path is highlighted in pur-
ple and the fluid circuit is in blue. (b) Temporally averaged 
ODMR spectra of NV centers for a single nanodiamond on a 
DNA molecule that is twisting randomly in the liquid flow in 
the flow cell.  
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high frequency mechanical membrane and char-
acterized its performance in this role.   In a con-
ventional MRFM experiment, the spin magneti-
zation is coupled to a low frequency mechanical 
cantilever whose mechanical resonant fre-
quency 𝜔𝜔𝑐𝑐 is much lower than the Larmor fre-
quency of spin precession 𝜔𝜔𝐿𝐿. Due to the mis-
match between these frequencies, external rf ra-
diation H1 is needed for spin manipulation, and 
the cantilever detects only the static component 
of spin magnetization.  In this new approach with 
a high frequency resonator, 𝜔𝜔𝑐𝑐 = 𝜔𝜔𝐿𝐿.  As a result 
the mechanical membrane is coupled directly to 
the precessing components of spin magnetiza-
tion via the magnetic dipolar interaction be-
tween a probe magnet and the spins under 
study. 

The practical implementation of this ap-
proach is based on a commercial silicon nitride 
membrane resonators with a fundamental me-
chanical frequency over 1 MHz.  As a result such 
a membrane can potentially be used as sensitive 
force detectors in the place of cantilevers for 
magnetic resonance studies. The high mechani-
cal resonant frequency of a membrane can be 
matched to the Larmor frequency 𝜔𝜔𝐿𝐿  of a nu-
clear spin sample placed on the membrane. Due 
to experimental considerations, the sample 
spins are placed on the membrane and the high 
gradient probe magnet is placed nearby. With a 
high gradient probe magnet placed near the vi-
brating membrane, the relative motion of a sam-
ple on the membrane to the magnet can gener-
ate an rf field at the Larmor frequency of the 
sample, eliminating the need for an external rf 
generator to excite the nuclear spins which could 
reduce the size and cost of NMR systems. 

Using a piezo actuator, we drive the mem-
brane and observe the mechanical oscillation us-
ing optical laser interferometry. Using lock-in de-
tection, we see the fundamental resonance fre-
quency and higher order modes of the mem-
brane.  In our geometry, we place a ~300 micron 
SmCo5 particle a few hundred microns above the 
surface of the membrane. The particle is glued 

onto a screw which allows us to approach the 
membrane while monitoring the separation with 
an optical microscope. Before placing the SmCo5 
particle in the probe, we saturated the moment 
of the particle using a 14 T magnetic field along 
the axis of the screw. This geometry makes a 
strong magnetic field gradient perpendicular to 
the membrane surface. As the membrane oscil-
lates, spins move along the field gradient, result-
ing in an oscillating magnetic field that acts as 
the H1 field. 

Our preliminary measurement sought to 
observe a signal from the natively occurring Si29, 
N14, and N15 nuclear spins contained in the Si3N4 
membrane. The challenges with this measure-
ment are that Si29 is only about 4% abundant, N14 
is spin 1 and has significant quadrupolar broad-

ening which diminishes the signal, and N15 is less 
than 1% abundant. The observable signal will 
consist of a diminution in the quality factor of the 
membrane as the nuclear spins come on reso-
nance resulting from the absorption of energy 
from the particle's field by the nuclear spins. 
Magnetic field is swept thus changing the Larmor 
frequency of the spins, determined by their re-
spective gyromagnetic ratios.  With the mechan-
ical resonance of the membrane at 1.3 MHz, we 

 
Figure 4:  Apparatus for detection of magnetic resonance us-
ing a mechanical membrane.  Optical fiber holder (left), per-
manent magnet (right) and membrane (center) are coaxially 
arranged. 
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expect resonance to occur for the Si29, N14, and 
N15 spins at applied fields of 1500 G, 4200 G, and 
3000 G, respectively. 

At the time of this report we measured the 
quality factor of the 30 nm thick, 0.25 mm wide 
membrane to be about 4 x 106 at 4 K. While we 
do see some changes in the quality factor around 
2500 G, we do not see features at the expected 
resonance frequencies. 

 

Ultrasoft Cantilever Magnetometry 
We have developed highly sensitive cantile-

ver magnetometry for characterization of ultra-
soft cantilevers and the magnetic particles that 
we attach to the cantilevers.  This provides an es-
timate of the sensitivity of the cantilever through 
resonance frequency and quality factor.  It also 
measures the magnetic moment and coercivity 
of the tip providing important characterization 
information that is needed when applying these 
cantilevers for sensitive magnetic resonance.   

We have used the same technique to meas-
ure the magnetic susceptibility of few layer gra-
phene sheets deposited on the cantilever.  These 
experiments could reveal important characteris-
tics of the carriers in graphene.
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