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ABSTRACT

Magnetic resonance force microscopy (MRFM) makes use of the spectroscopic nature of magnetic resonance to add unambiguous elemental
selectivity to scanning probe microscopy. We show isotopic selectivity of MRFM for three nuclei, 1H, 31P, and 13C, in organic materials. We
also detect a roughly 1 nm thick layer of naturally occurring adsorbates on a gold surface by measuring the magnetic resonance signal of the
hydrogen contained in the layer. Finally, we detect the signal from hydrogen present on a carbon nanotube and use it to perform a three-
dimensional magnetic resonance image of the 10 nm diameter object.

Adding chemical contrast to the topographic capabilities of
scanning probe microscopy is a longstanding aspiration,
dating back to the early proposals by Binnig and Rohrer to
monitor variations in the local tunneling barrier with the
scanning tunneling microscope (STM).1 This goal has led
to great interest in combining scanning probes with spec-
troscopic techniques such as inelastic tunneling spectrosco-
py,2 force spectroscopy,3 and Raman spectroscopy,4 all of
which have successfully demonstrated atomic or molecular
identification in certain systems. In general, however, scan-
ning probe microscopes are not particularly well-equipped
to identify what they are imaging. Magnetic resonance
imaging (MRI), on the other hand, is an imaging technique
that is inherently selective to specific elements based on
nuclear magnetic resonance (NMR). We have recently
demonstrated that the technique of magnetic resonance force
microscopy (MRFM)5,6 can give a 100-million fold improve-
ment in the volume resolution compared to MRI by using
ultrasensitive cantilever-based detection, thus providing a
nanoscale imaging technique that is intrinsically element-
specific.7 Here we demonstrate this selectivity in organic
materials by detecting three nuclear species, 1H, 31P, and 13C.
We further use the technique’s sensitivity to hydrogen to
detect the naturally occurring layer of adsorbates that builds

up on a cleaned gold surface. Finally, we use the hydrogen-
containing adsorbate layer as a “contrast agent” to perform
three-dimensional imaging of a multiwalled carbon nanotube.

In MRFM, the sample is scanned relative to a magnetic
tip while the sample’s nuclear magnetism is manipulated
through an applied rf field. The sample’s net magnetic
moment is then sensed through ultrasensitive force detec-
tion.5,6,8 As shown in the setup in Figure 1, a magnetic tip
supplies an inhomogenous static field Btip(r). A rf current
flowing through a wire in the y-direction generates a rf field
at angular frequency ωrf that points along the x direction
directly above the tip.9 Typical rf frequencies are in the range
of 10-200 MHz. Magnetic resonance can occur when the
total field at a given location r satisfies the condition Btot ≡
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Figure 1. Experimental setup for magnetic resonance force
microscopy (MRFM) with sample-on-cantilever geometry. The
sample in these experiments is either a particle of organic material,
a hydrocarbon/water layer adsorbed on the gold-coated end of the
silicon cantilever, or a carbon nanotube protruding from the
cantilever.
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|Bext + Btip(r)| ) ωrf/γ. Here Bext is a static field applied in
the z-direction, and γ is the gyromagnetic ratio. The
gyromagnetic ratio depends on the magnetic moment of the
nuclear spin, which differs for different elements. For the
elements used here, γ1H/2π ) 42.58 MHz/T, γ31P/2π ) 17.24
MHz/T, and γ13C/2π ) 10.71 MHz/T. Because of the large
field gradient from the magnetic tip, the resonance condition
is satisfied only within a thin, bowl-shaped “resonant slice”.

To generate an oscillatory force signal, the frequency of
the rf field is swept in a sawtooth pattern about the center
frequency γBtot, thus driving adiabatic inversions of the spins
of interest at the cantilever resonant frequency. The spins
then generate an oscillating force on the cantilever, resulting
in vibration of the cantilever of order 0.1-1 Å. The
microwire rf source,9 magnetic tip, and measurement protocol
used here are identical to those used in a previous MRFM
nanoscale imaging experiment.7 In particular, we detect the
statistical polarization that originates from the naturally
occurring statistical fluctuations in the net polarization. These
fluctuations give rise to a time-varying signal with zero mean
and a variance proportional to N, the number of contributing
spins.10-13 As the sample is scanned through the resonant
slice, the signal will depend on how much of the object
intersects the resonant slice. By knowing the shape of the
resonant slice (i.e., the point spread function of the micro-
scope), a three-dimensional (3D) scan of signal versus
position can be deconvolved to determine a real-space 3D
image of the sample.7,14,15 This capability for resolving
subsurface structures is a key feature of MRFM and
distinguishes the method from conventional scanning probe
microscopies that are typically restricted to surfaces.

Figure 2 reveals the elemental selectivity of the technique.
The graph combines data taken from two experiments in
which particles of organic material were attached onto the
ends of custom mass-loaded cantilevers of the type described
below. In one experiment, a roughly (5 µm)3 particle of 13C-
labeled stearic acid was used, and in the other, a similarly
sized particle of lyophilized DNA. At given external fields

and tip positions, signals were observed at specific rf
frequencies that can be associated with particular elements
using the known gyromagnetic ratios. In this case, we
observed the 1H and the isotopically enriched 13C in the
stearic acid sample, and 31P in the DNA sample. (1H was
also detected in the DNA sample). We note that DNA
contains only one phosphorus atom per nucleotide, resulting
in a density roughly 10 times lower density than that of
hydrogen. While such spectroscopic capabilities have previ-
ously been demonstrated in MRFM measurements of III/V
semiconductors and other inorganic systems,16,17 here we
demonstrate elemental selectivity in organic materials.

One system of particular interest to us is that of naturally
occurring adsorbate layers on nominally clean gold surfaces.
We are motivated in this work not only by the fact that
hydrocarbon and water adsorption are ubiquitous phenomena
that can dramatically affect surface chemistry,18,19 but also
because of some peculiar results in previous MRFM imaging.
We recently performed three-dimensional imaging of tobacco
mosaic viruses (TMV) with resolution down to 4 nm by
detecting the hydrogen nuclei in the viruses.7 However, the
MRFM images also revealed an unexpected feature: the
viruses sat on a layer of hydrogen-rich material of the order
of 1 nm thick.

In order to address the source, we present here a control
experiment designed to test whether the layer was intrinsic
or related to the dipping of the cantilever into the virus-
containing buffer solution. The cantilever preparation was
identical to that used in the TMV experiment, except for
the final dipping step. The cantilever had a custom mass-
loaded design, incorporating a roughly 1 µm thick mass on
the end of a 90 µm long, 100 nm thick shaft.20 The cantilever
spring constant was 8.6 × 10-5 N/m and its resonant
frequency was 2800 Hz. A focused ion beam was used to
mill a flat end to the cantilever, which was then coated end-
on with 10 nm Si/ 30 nm Au via thermal evaporation. Next
the cantilever was UV-ozone cleaned and exposed to ambient
conditions for roughly 3 h before placing in vacuum. The
sample was pumped in moderate vacuum (<10-6 torr) for
several days before cooling down to 280 mK.

A distinct magnetic resonance signal corresponding to
hydrogen was observed, as shown in the plot of signal versus
external field in Figure 3a. The signal is similar in magnitude
to the background signal observed in the TMV experiment.
This result shows that the background layer is an intrinsic
effect, apparently due to hydrogen-containing adsorbates
picked up on the freshly cleaned gold surface during its
exposure to ambient conditions. It is well known that gold
surfaces cleaned via UV-ozone exposure are initially hydro-
philic but become hydrophobic on the time scale of hours,
presumably due to the same contamination mechanism.21,22

A scaled fit to the data using the same tip model as used
in the TMV experiment is also plotted and gives excellent
agreement with the data. The symmetric shape of the curve
is a clue that the signal arises from a thin layer, as theory
and experiment indicate that a thick sample will give rise to
a much more asymmetric line shape as the resonant slice
pushes into the extended sample.23 From the fitted curve, a

Figure 2. MRFM spectroscopy showing signal peaks at different
frequencies of the applied rf field, corresponding to the specific
gyromagnetic ratios of the nuclear spins. The peaks at 29 and 116
MHz correspond to 13C and 1H, respectively, and were obtained
using a particle of 13C-enriched stearic acid attached to the end of
the cantilever. The peak at 46 MHz was obtained on a particle of
lyophilized DNA attached to the cantilever and corresponds to 31P.
A systematic offset of 60 aN2 has been subtracted from the latter
curve. The 31P curve was obtained at 280 mK with an external
applied field of 2.61 T, while the other curves were taken at 4.2 K
at 2.64 T. Because the data sets for each isotope were taken under
slightly different experimental conditions, the relative signal
amplitudes are somewhat arbitrary.
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quantitative value for the tip field at the given tip-sample
spacing can be extracted, roughly 0.34 T in this case.

We can use the thin adsorbed hydrogen-containing layer
as a test object in order to perform nanoscale quantitative
magnetometry of our magnetic tip. The MRFM signal is
shown as a function of external field and tip-sample spacing
in the false color plot in Figure 3b. The distance between
the solid line and the dotted line represents the tip field. The
inverse slope of the dotted line therefore directly gives the
tip field z-gradient ∂Btip,z/∂z. At external fields below 2.4 T,
corresponding to tip fields above 0.3 T, the z-gradient is
roughly 5 × 106 T/m. We can then use the measured
z-gradient from the tip as an input parameter to determine
an appropriate magnetic model for the tip and thereby
calculate the point spread function (PSF) of the microscope.

On the basis of the measured force power of 350 aN2 and
the calculated PSF at the corresponding external field of 2.55
T, we estimate that the resonant slice contains roughly 106

spins. Assuming a hydrocarbon spin density of 7 × 1028 spins
per m3, the corresponding volume of spins is then 1.4 ×

10-23 m3. On the basis of the geometry of the PSF (diameter
and width), we infer a layer thickness of roughly 10 Å.

We have also used the hydrogen signal as a form of
contrast to allow imaging of a multiwalled nanotube (NT)
in three dimensions. The NT was grown via the arc discharge
method24 and was roughly 10 nm in diameter. As shown in
Figure 5a, the NT was attached to the end of a 100 nm thick
cantilever so that it protruded a few hundred nanometers
using a scanning electron microscope with an in situ custom
micromanipulator. The cantilever had uniform thickness (no
mass loading) with a spring constant of roughly 2 × 10-4

N/m and a resonant frequency of 9.1 kHz. The cantilever
was stored under ambient conditions for several weeks before
its placement in the apparatus.

While it was not obvious that the NT sample would
show a hydrogen magnetic resonance signal, a clear signal
was in fact observed when a rf field was applied near 115
MHz, corresponding to the hydrogen resonance frequency
Btot/γ1H, as shown in Figure 4a (inset). The main plot in
Figure 4a shows that the signal is peaked at the scan positions
where the NT enters or exits the resonant slice. These are
the positions where the NT has the most overlap with the
resonant slice and where the lateral gradient is maximized.
The peak signal is only about 35 aN2, roughly 10× smaller
than that from the adsorbed layer on the gold-coated
cantilever, reflecting the smaller volume of material inter-
secting the resonant slice. Despite the dramatically smaller
signal, the signal-to-noise ratio is still quite respectable using
1 min of averaging per point. The contrast of the peaks is
greatly helped by the low baseline noise level and minimal

Figure 3. Magnetic resonance signal from a gold-coated control
cantilever. The cantilever was cleaned via UV/ozone exposure,
followed by a 3 h exposure to ambient conditions. (a) The signal
as a function of external field shows the presence of a hydrogen
signal. The points are the data, and the solid curve shows a
theoretical fit that is used to extract parameters that describe the
magnetic tip. The peak is inhomogenously broadened by the field
gradient and the spatial extent of the sample. The frequency of the
rf field was 114.7 MHz. (b) MRFM signal (false color) as a function
of tip-sample spacing and external field. The data in (a) represent
a horizontal cut through the region shown by the dashed line. The
slope of the dotted line indicates a field gradient of 5 × 106 T/m.

Figure 4. MRFM signal from a carbon nanotube. (a) Magnetic
resonance signal vs lateral position over the magnetic tip. Signal
is peaked near the edges of the tip. The frequency of the applied rf
field was 115 MHz. Inset shows the signal at the tip edge vs
frequency of the rf field. The data were acquired with a 1 min
acquisition time per point. Bext ) 2.61 T. T ) 250 mK. (b) Two
dimensional image of signal vs x and y position. The ring
corresponds to a cut through the resonant slice and provides a
visualization of the point spread function.
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background signal over the center of the tip, which are
consequences of the restricted geometry of the nanotube.

A two-dimensional scan of the sharp nanotube shows a
ringlike structure in Figure 4b. This ring gives a direct
visualization of a cut through the paraboloidal PSF. The
image is not purely a reflection of the PSF, however, because
the object is not precisely a point object. Information about
the object is contained within the image; for example, the
asymmetry between the left and right lobe and the spatial
extent of the lobes all reflect the detailed three-dimensional
shape of the object. By taking a set of 2D scans at different
tip-sample spacings, sufficient information can be obtained
to determine the real space image of the object.

We used the same data collection scheme and Land-
weber deconvolution used previously in order to recon-
struct a three-dimensional image.7,15,25 Four scan planes
of data were taken with a grid spacing in x and y of 10 nm
× 33 nm and a z-spacing of 21 nm. The Landweber
algorithm was used to iterate to a solution, taking roughly a
thousand iterations. The result is shown as an isosurface (3D
contour of constant density) in Figure 5b. The rendering
shows a cylinder-like object, roughly 10 nm across at the
distal end. Given that the data are quite spatially under-
sampled, the 3D image captures the geometry remarkably
well, including the fact that the NT is cocked at a significant
angle in the x direction. The apparent roughness on the
surface of the image is probably due to noise, as are the
extraneous islands of material to the left of the nanotube. If
the hydrogen giving rise to the signal is due exclusively to
an adsorbed surface layer, one would expect the reconstructed
image to be hollow. We have not seen any evidence for
hollow structure in either the raw data or reconstructed image.
Given that the effect of a hollow structure would be quite
subtle in the data, it is likely that we do not have the

sensitivity or resolution to detect it. It is also quite possible
that the structure is in fact not hollow, but that hydrogen
was incorporated into the structure either during initial
growth of the nanotube or in subsequent mounting and
exposure to the environment.

As an aside, we can analyze the NT data in the context of
nanoscale magnetometry. There is currently a great deal of
interest in such techniques, spurred in part by recent results
in electron spin resonance of single nitrogen vacancy centers
in diamond, which suggest that it is possible to combine
nanoscale spatial resolution with field sensitivity in the
nanotesla regime.26-28 Although MRFM is sensitive to
magnetic moments and field gradients, not magnetic fields
per se, it is nonetheless instructive to compute an effective
field sensitivity. Using the field gradient from the tip model
of 2.4 × 106 T/m at tip-sample spacing z ) 50 nm and the
measured baseline noise level of 3.5 aN/Hz1/2 from the NT
experiment, the corresponding demonstrated minimum de-
tectable moment µmin is roughly 1.4 × 10-24 J/T·Hz1/2, or
100 spins-rms/Hz1/2. One can associate this number with a
minimum detectable field by determining the field that this
moment would produce at a distance z ) 50 nm. The
resulting minimum detectable field Bmin ) µ0µmin/2πz3 ) 2.3
nT/ Hz1/2 at T ) 250 mK.

In summary, we have shown that MRFM can use the
spectroscopic nature of magnetic resonance to give elemental
selectivity in organic materials and have made use of the
hydrogen selectivity to image thin films of natural adsorbates.
The background signal from such adsorbed layers may
present some difficulty for future MRFM imaging of mo-
lecular-scale objects based on hydrogen detection, perhaps
necessitating in situ cleaning. At the same time, we have
shown that the hydrogen can be used as a form of contrast
agent to enable imaging of a multiwalled carbon nanotube.
Nanotubes have some attractive properties, such as a spatially
localized geometry that should reduce unwanted interactions
with the sample and minimize any background signal. In
the future, they might make an ideal platform for supporting
samples such as viruses and macromolecules for MRFM,
provided that the means of functionalization29 and attachment
can be developed.
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