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Magnetic Nanostructures and Spintronics, Fig. 7 Hard
disk media magnetic domain structure. On the /eft conventional
media for perpendicular recording, with randomly distributed
magnetic domains and irregular bit contour. On the right
patterned media, where each nanostructured element may carry
one single bit of information

assembly guided by the underlying chemically
modified former pattern [15]. Large area—patterned
nanostructures are studied also for their interesting
collective behavior [16], resulting in peculiar electrical
properties [17] and potentially suitable to implement
full magnetic logics, particularly promising for their
low electrical consumption [18].
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Magnetic Resonance Force Microscopy
Definition

Magnetic resonance force microscopy (MRFM) is
a type of magnetic resonance imaging (MRI) now
capable of acquiring three-dimensional (3D) images
of tiny samples with a spatial resolution better than
10 nm. By applying the techniques of scanning probe
microscopy (SPM), MRFM surpasses the sensitivity of
conventional, inductive MRI by eight orders of mag-
nitude. MRFM images the interior of nanoscale objects
noninvasively and with intrinsic chemical selectivity
and, in 2009, it was used to capture 3D images of
individual virus particles.

Overview

MRFM relies on the mechanical measurement of the
weak magnetic force between a microscopic magnet
and the magnetic moments in a sample. These
moments are due to either the atomic nuclei with
nonzero nuclear spin or electron spins present in
a sample. For a single magnetic moment p in
a magnetic field B, this force can be expressed as:

F=V(u-B). (1)

Using a compliant cantilever, one can measure the
component of F along the cantilever’s deflection direc-
tion X:

0B.
ox

0

uG, 2)
where p points along Z and G = % is a magnetic field
gradient. First, either the sample containing nuclear or
electronic moments or the nano-magnet must be fixed
to the cantilever. The sample and magnet must be in
close proximity, sometimes up to a few tens of nano-
meters from each other. A nearby radiofrequency (rf)
source produces magnetic field pulses similar to those
used in conventional MRI, causing the moments to
periodically flip. This periodic inversion generates an
oscillating magnetic force acting on the cantilever. In
order to resonantly excite the cantilever, the magnetic
moments can be inverted at the cantilever’s mechani-
cal resonance frequency. The cantilever’s mechanical
oscillations are then measured by an optical interfer-
ometer or beam deflection detector. The electronic
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Magnetic Resonance Force Microscopy, Fig. 1 Schematics
of an MRFM apparatus. (a) Corresponds to the “tip-on-cantilever”
arrangement, such as used in the single-electron MRFM experi-
ment of 2004 [1]. (b) Corresponds to the “sample-on-cantilever”
arrangement, like the one used for the nanoscale virus imaging
experiment in 2008 [2]

signal produced by the optical detector is proportional
to the cantilever oscillation amplitude, which depends
on the number of moments in the imaging volume.
Spatial resolution results from the fact that the nano-
magnet produces a magnetic field which is a strong
function of position. The magnetic resonance condi-
tion and therefore the region in which the spins peri-
odically flip is confined to a thin, approximately
hemispherical “resonant slice” that extends outward
from the nano-magnet (see Figs. 1 and 4). By scanning
the sample in 3D through this resonant region, a spatial
map of the magnetic moment density can be made.
Different types of magnetic moments (e.g., 'H,"*C,
19F, or even electrons) can be distinguished due to
their different magnetic resonance frequencies, giving
an additional chemical contrast.

In conventional nuclear magnetic resonance detec-
tion, the sample is placed in a strong static magnetic field
in order to produce a Zeeman splitting between spin
states. The sample is then exposed to an rf magnetic
field of a precisely defined frequency. If this frequency
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matches the Zeeman splitting, then the system absorbs
energy from the rf radiation resulting in transitions
between the spin states. The resulting oscillations of
this ensemble of magnetic moments produce a time-
varying magnetic signal that can be detected with
a pickup coil. The electric current induced in the coil is
then amplified and converted into a signal that is propor-
tional to the number of moments (or spins) in the sample.
In MRI this signal can be reconstructed into a 3D image
of the sample using spatially varying magnetic fields and
Fourier transform techniques. The magnetic fields pro-
duced by nuclear moments are, however, extremely
small: more than one trillion (1012) nuclear spins are
typically needed to generate a detectable signal.

The advantage of force-detected over inductive
techniques is that much smaller samples can be mea-
sured. In the latter case, the measurement can only be
sensitive if the spins significantly alter the magnetic
field within the pickup coil, i.e., if the spins fill
a significant fraction of the coil volume. For spin
ensembles with volumes significantly smaller than
(1 um)?, it is extremely challenging to realize pickup
coils small enough to ensure an adequate filling factor.
As a result, even the best resolutions achieved by
inductively detected MRI require sample volumes of
at least (3 um)3 [3]. Mechanical resonators, in contrast,
can now be fabricated with dimensions far below
a micron, such that the sample’s mass (which is the
equivalent to the filling volume in a pickup coil) is
always significant compared to the bare resonator
mass. In addition, mechanical devices usually show
resonant quality factors that surpass those of inductive
circuits by orders of magnitude, resulting in a much
lower baseline noise. For example, state-of-the art
cantilever force transducers achieve quality factors
between 10* and 107, enabling the detection of forces
of aN/Hz'” — less than a billionth of the force needed to
break a single chemical bond. In addition, scanning
probe microscopy offers the stability to position and
image samples with nanometer precision. The combi-
nation of these features allows mechanically detected
MRI to image at resolutions that are far below 1 pm
and — in principle — to aspire to atomic resolution.

Basic Methodology

Despite the large magnetic field gradients produced by
specially made magnetic tips, the forces produced by
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small number of magnetic moments remain astound-
ingly small: in an achievable gradient of 10° T/m,
a single 'H moment, for example, produces a force of
about 107?° N. In order to detect forces due to small
ensembles of moments, the most sensitive MRFM
takes advantage of the thermally limited force resolu-
tion of specially made nanomechanical cantilevers. In
addition, it utilizes the fact that the force of interest can
be made to occur in a narrow bandwidth around the
cantilever’s mechanical resonance.

The sensitivity and resolution of MRFM hinge on
a simple signal-to-noise ratio, which is given by the
ratio of the magnetic force power exerted on the can-
tilever over the force noise power of the cantilever
device. For small enough volumes of spins, one must
measure statistical spin polarizations; therefore one is
interested in force powers (or variances) rather than
force amplitudes:

(uG)*

SNR =N .
SrAf

3)

Here, N is the number of spins in the detection
volume, p is the magnetic moment of the relevant
spin, G is the relevant magnetic field gradient at the
position of the sample, Sg is the force noise spectral
density set by the fluctuations of the cantilever sensor,
and Af is the bandwidth of the measurement, deter-
mined by the spin relaxation rate. This expression
gives the single-shot signal-to-noise ratio of
a thermally limited MRFM apparatus. The larger this
signal-to-noise ratio is, the better the spin sensitivity
will be.

From the four parameters appearing in (3), only two
can be controlled and possibly improved. On the one
hand, the magnetic field gradient G can be enhanced by
using higher quality magnetic tips and by bringing the
sample closer to these tips. On the other hand, the force
noise spectral density Sy can be reduced by going to
lower temperatures and by making intrinsically more
sensitive mechanical transducers.

Key Findings

The use of force-detection techniques in nuclear mag-
netic resonance (NMR) experiments dates back to
Evans in 1955 [4], and was also used in torque magne-
tometry measurements by Alzetta and coworkers in the
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1960s [5]. In 1991, Sidles, independent of this very
early work, realized that highly sensitive magnetic
resonance detection could be achieved using
microfabricated cantilevers and nanoscale ferromag-
nets. In these early days of scanning probe
miscroscopy, he proposed the MRFM technique as
a method to improve the resolution of MRI to molec-
ular length scales [6, 7]. Subsequently, the first
micrometer-scale experimental demonstration using
cantilevers was realized by Rugar [8], demonstrating
mechanically detected electron spin resonance in a
30-ng sample of diphenylpicrylhydrazyl (DPPH).

The visionary goal of the MRFM proposal was to
eventually image molecules atom by atom, so as to
directly map the 3D atomic structure of macromole-
cules [9]. Such a “molecular structure microscope”
would have a dramatic impact on modern structural
biology, and would be an important tool for many
future nanoscale technologies. While this ultimate
goal has not been achieved to date, the technique has
undergone a remarkable development into one of the
most sensitive spin detection methods available to
researchers today. Among the important experimental
achievements are the detection of a single electronic
spin [1] and the extension of the spatial resolution of
MRI from several micrometers to below 10 nm [2].

First Demonstration

The first MRFM apparatus operated in vacuum and at
room temperature with the DPPH sample attached to
the cantilever. A millimeter-sized coil produced an rf
magnetic field tuned to the electron spin resonance
of the DPPH (220 MHz) with a magnitude of 1 mT.
By changing the strength of a polarizing magnetic field
(8 mT) in time, the electron spin magnetization in the
DPPH was modulated. In a magnetic field gradient of
60 T/m, produced by a nearby NdFeB permanent mag-
net, the sample’s oscillating magnetization resulted in
a time-varying force between the sample and the mag-
net. This force modulation was converted into mechan-
ical vibration by the compliant cantilever.
Displacement oscillations were detected by a fiber-
optic interferometer achieving a thermally limited
force sensitivity of 3 fN/v/Hz.

During the years following this initial demonstra-
tion of cantilever-based magnetic resonance detection,
the technique has undergone a series of developments
toward higher sensitivities that, as of today, is about
107 times that of the 1992 experiment (see Fig. 2). The

1259

101

108}

106}

104}
single electron spin

102}

magnetic sensitivity (up/Hz'/?)

single proton spin

2000 2005 2010

Year

1995

Magnetic Resonance Force Microscopy, Fig.2 Advances to
the sensitivity in force-detected magnetic resonance over time.
Remarkably, improvements have closely followed a “Moore’s
law” for over a decade, with the magnetic moment sensitivity
doubling roughly every 8 months. Dots are experimental values
[1, 2, 8, 10-14], and dashed lines indicate sensitivities of one
electron and one proton magnetic moment (up), respectively

following touches on two important demonstrations
during this development. Several review articles and
book chapters have appeared in the literature that dis-
cuss the historical progress of the technique more
broadly and in richer detail [15-22].

Single-Electron MRFM

The measurement of a single electron spin by Rugar
et al. in 2004 concluded a decade of development on
the MRFM technique and stands out as one of the first
single-spin measurements in solid-state physics.
A variety of developments led to the exceptional mea-
surement sensitivity required for single-spin detection.
These include the operation of the apparatus at cryo-
genic temperatures and high vacuum, the ion-beam
milling of magnetic tips in order to produce large
gradients, and the fabrication of mass-loaded
attonewton-sensitive cantilevers [23] (shown in
Fig. 3). The thermal noise in higher order vibrational
modes of mass-loaded cantilevers is suppressed com-
pared with the noise in the higher order modes of
conventional, “flat” cantilevers. Since high-frequency
vibrational noise in combination with a magnetic field
gradient can disturb the electron spin, the mass-loaded
levers proved to be a crucial advance for single-
electron MRFM. In addition, Rugar et al. developed
a sensitive interferometer employing only a few
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Magnetic Resonance Force Microscopy, Fig. 3 Image of an
ultrasensitive mass-loaded Si cantilever taken from an optical
microscope. This type of cantilever, which has a spring constant
under 100 uN/m, has been used as a force transducer in the many
of the latest MRFM experiments [23]

nanowatts of optical power for the detection of canti-
lever displacement [24]. This low incident laser power
is crucial for achieving low cantilever temperatures
and thus minimizing the effects of thermal force
noise. A low-background measurement protocol called
OSCAR based on the NMR technique of adiabatic
rapid passage was also employed [10]. Finally, the
experiment required the construction of an extremely
stable measurement system capable of continuously
measuring for several days in an experiment whose
single-shot signal-to-noise ratio was just 0.06 [1].

Nano-MRI
The detection of a single nuclear spin is far more
challenging than that of single electron spin. The
intrinsic magnetic moment of a nucleus is much
smaller than that of an electron; as a result the force
produced by a nuclear moment in (2) is proportionally
smaller. A 'H nucleus (proton), for example, possess
a magnetic moment that is only ~1/650 of an electron
spin moment. Other important nuclei, like '>C or
a variety of isotopes present in semiconductors, have
even weaker magnetic moments. In order to observe
single nuclear spins, it is necessary to improve the
state-of-the-art sensitivity by another two to three
orders of magnitude. While not out of the question,
this is a daunting task that requires significant advances
to all aspects of the MRFM technique. Despite these
challenges, significant progress has been made. In
particular, one experiment that used single tobacco
mosaic virus (TMV) particles as the sample shows
both the feasibility of MRI imaging with nanometer
resolution and the applicability of MRFM to biologi-
cally relevant samples.

Figure 4 is a representation of the MRFM apparatus
used in the experiment. The virus particles were trans-
ferred to the cantilever end by dipping the tip of the
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Magnetic Resonance Force Microscopy, Fig. 4 Artistic
view of the MRFM apparatus used for MRI of individual tobacco
mosaic virus particles. Pictured is the cantilever, the laser beam
used for position sensing, and the Cu microwire rf source. The
inset shows a close-up representation of the gold-coated end of
the cantilever with attached virus particles. On top of the
microwire, is the magnetic FeCo tip with the “mushroom”-
shaped resonant slice hovering above

cantilever into a droplet of aqueous solution containing
suspended TMV. As aresult, some TMVs were attached
to the gold layer previously deposited on the cantilever
end. The density of TMV on the gold layer was low
enough that individual particles could be isolated. Then
the cantilever was mounted into the low-temperature,
ultra-high-vacuum measurement system and aligned
over a magnetic tip and rf field source.

After applying a static magnetic field of about 3 T,
resonant rf pulses were applied to the rf source in order
to flip the 'H nuclear spins at the cantilever’s mechan-
ical resonance. Finally, the end of the cantilever was
mechanically scanned in 3D over the magnetic tip.
Given the extended geometry of the region in which
the resonant condition is met, i.e., the “resonant slice,”
a spatial scan does not directly produce a map of the 'H
distribution in the sample. Instead, each data point in
the scan contains force signal from 'H spins at a variety
of different positions. In order to reconstruct the 3D
spin density (the MRI image), the force map must be
deconvolved by the point spread function defined
by the resonant slice. Fortunately, this point spread
function can be accurately determined using a magne-
tostatic model based on the physical geometry of the
magnetic tip and the tip magnetization. Deconvolution
of the force map into the three-dimensional "H spin
density can be done in several different ways; for the
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Magnetic Resonance Force
Microscopy,

Fig. 5 Nanoscale MRI
images of tobacco mosaic
virus (TMV) particles
acquired by MRFM [2]. (a)
The series of images to the left
depicts the 3D "H spin density
of virus particles deposited on
the end of the cantilever. Black
represents very low or zero
density of hydrogen, while
white is high hydrogen
density. The right side shows
arepresentative xy-plane, with
several viral fragments visible,
and a cross section (xz-plane)
of two virus particles that
reveals an underlying
molecular layer of
hydrocarbons covering the
cantilever surface. (b) 3D 'H
spin density recorded on

a different region of the same
cantilever as in (a), showing
an intact and several
fragmented virus particles.
The right side shows

a representative xy-plane

results presented in [2] the authors applied the iterative
Landweber deconvolution procedure suggested in an
earlier MRFM experiment [25, 26]. This iterative algo-
rithm starts with an initial estimate for the spin density
of the object and then improves the estimate succes-
sively by minimizing the difference between the mea-
sured and predicted spin signal maps. The iterations
proceed until the residual error becomes comparable
with the measurement noise.

The result of a representative experiment is shown
in Fig. 5. Here, clear features of individual TMV par-
ticles, which are cylindrical, roughly 300-nm-long and
18 nm in diameter, are visible and can be confirmed
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against a scanning electron micrograph (SEM) of the
same region. Both whole virus particles and particle
fragments are observed. The imaging resolution, while
not fine enough to discern any internal structure of the
virus particles, constitutes a 1,000-fold improvement
over conventional MRI and a corresponding improve-
ment of volume sensitivity by about 100 million.

Comparison to Other Techniques

The unique position of MRFM among high-resolution
microscopies becomes apparent when comparing it to
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other, more established nanoscale imaging techniques.
As a genuine scanning probe method, MRFM has the
potential to image matter at atomic resolution. While
atomic-scale imaging is routinely achieved in scanning
tunneling microscopy and atomic force microscopy,
these techniques are confined to the top layer of
atoms and cannot penetrate below surfaces [27, 28].
Moreover, in standard scanning probe microscopy
(SPM), it is difficult and in many situations impossible
to identify the chemical species being imaged. Since
MRFM combines SPM and MRI, these restrictions are
lifted. The 3D nature of MRI permits acquisition of
subsurface images with high spatial resolution even if
the probe is relatively far away. As with other magnetic
resonance techniques, MRFM comes with intrinsic
elemental contrast and can draw from established
NMR spectroscopy procedures to perform detailed
chemical analysis. In addition, MRI does not cause
any radiation damage to samples, as do electron and
X-ray microscopies.

MRFM also distinguishes itself from super-
resolution optical microscopies that rely on fluores-
cence imaging [29]. On the one side, optical methods
have the advantage of working in vivo and they have
the ability to selectively target the desired parts of
a cell. Fluorescent labeling is now a mature technique
which is routinely used for cellular imaging. On the
other side, pushing the resolution into the nanometer
range is hampered by fundamental limitations, in
particular, the high optical powers required and the
stability of the fluorophores. Moreover, fluorescent
labeling is inextricably linked with a modification of
the target biomolecules, which alters the
biofunctionality and limits imaging resolution to the
physical size of the fluorophores.

MRFM occupies a unique position among other
nanoscale spin detection approaches. While single
electron spin detection in solids has been shown
using several techniques, these mostly rely on
the indirect readout via electronic charge [30, 31] or
optical transitions [32, 33]. In another approach, the
magnetic orientation of single atoms has been
measured via the spin-polarized current of a magnetic
STM tip or using magnetic exchange force microscopy
[34-36]. These tools are very valuable to study single
surface atoms; however, they are ill-suited to map out
subsurface spins such as paramagnetic defects. In con-
trast, MRFM directly measures the magnetic moment
of a spin, without resorting to other degrees of
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freedom, making it a very general method. This direct
measurement of magnetic moment (or magnetic stray
field) could also be envisioned using other techniques,
namely, SQuID microscopy [37], Hall microscopy
[38], or recently introduced diamond magnetometry
based on single nitrogen-vacancy centers [39-41]. So
far, however, none of these methods have reached the
level of sensitivity needed to detect single electron
spins, or volumes of nuclear spins much less than
1 um [42, 43]. It is certainly possible that future
improvements to these methods — especially to dia-
mond magnetometry — may result in alternative tech-
niques for nanoscale MRI that surpass the capabilities
of MRFM.

Outlook

Despite the tremendous improvements made
to MRFM over the last decade, several important
obstacles must be overcome in order to turn the tech-
nique into a useful tool for biologists and materials
scientists. Most existing MRFM instruments are tech-
nically involved prototypes; major hardware simplifi-
cations will be required for routine screening of
nanoscale samples. Suitable specimen preparation
methods must be developed that are compatible with
the low-temperature, high-vacuum environment
required for the microscope to operate at its highest
sensitivity and resolution. While this is particularly
challenging for biological samples, protocols exist
which could be adapted to MRFM. In cryo-electron
microscopy, for example, dispersed samples are
vitrified to preserve their native structure by plunge-
freezing in liquid nitrogen [44]. As objects become
smaller, isolation of samples and suppression of
unwanted background signals from surrounding mate-
rial will become increasingly important.

The conditions under which the latest MRFM
imaging experiments were carried out are remarkably
similar to those prevailing in cryo-electron micros-
copy, the highest resolution 3D imaging technique
commonly used by structural biologists today.
Cryo-electron microscopy, like MRFM, operates at
low temperatures and in high vacuum, requires long
averaging times (on the order of days) to achieve
sufficient contrast, and routinely achieves resolutions
of a few nanometers [45, 46]. Unlike MRFM, how-
ever, electron microscopy suffers from fundamental
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limitations that severely restrict its applicability.
Specimen damage by the high-energy electron radia-
tion limits resolution to 5—10 nm if only a single copy
of an object is available. Averaging over hundreds to
thousands of copies is needed to achieve resolutions
approaching 10 A [47]. In addition, unstained images
have intrinsically low contrast, whereas staining
comes at the expense of modifying the native
structure.

MRFM has the unique capability to image nano-
scale objects in a noninvasive manner and to do so with
intrinsic chemical selectivity. For this reason the tech-
nique has the potential to extend microscopy to the
large class of structures that show disorder and there-
fore cannot be averaged over many copies. These
structures include such prominent examples as HIV,
influenza virus, and amyloid fibrils. Virtually all
of these complexes are associated with important
biological functions ranging from a variety of diseases
to the most basic tasks within the cellular machinery.
For such complexes, MRFM has the potential not only
to image the 3D macromolecular arrangement, but also
to selectively image specific domains in the interior
through isotopic labeling.

While the most exciting prospect for MRFM
remains in its application to structural imaging in
molecular biology, its applications are not limited to
biological matter. For example, most semiconductors
contain nonzero nuclear magnetic ~moments.
Therefore, MRFM may prove useful for subsurface
imaging of nanoscale electronic devices. MRFM also
appears to be the only technique capable of directly
measuring the dynamics of the small ensembles of
nuclear spin that limit electron spin coherence in single
semiconductor quantum dots. Polymer films and
self-assembled monolayers — important for future
molecular electronics — are another exciting target for
MRFM and its capability to image chemical composi-
tion on the nanoscale. Finally, isotopically engineered
materials are becoming increasingly important for
tuning a variety of physical properties such as transport
and spin. Researchers currently lack a general method
for noninvasively imaging the isotopic composition of
these materials [48—50]; MRFM techniques could fill
this void.

Thanks to H. J. Mamin and D. Rugar of the IBM
Almaden Research Center for their many detailed
comments and very helpful discussions pertaining to
this text.
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