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Abstract

A new method of surface microscopy is proposed, which combines three-dimensional electron spin resonance imaging by magnetic
resonance force microscopy (MRFM) and topographic imaging of the sample surface by scanning force microscopy (SFM). In order
to demonstrate its potential for the identification of microscale objects, the individual and combined images are used to provide the loca-
tions, shapes and spin density distributions of target phantom objects. We report spatial resolution in MRFM of 2.8 · 2.8 · 2.0lm3. This
could be improved to the theoretical limit of 0.08 · 0.08 · 0.04lm3 through reduction of the thermal noise by cooling to cryogenic tem-
peratures �0.5 K. We believe that this type of microscopy will become a very useful tool for the investigation of anomalies induced in
surfaces by materials buried below the surface.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

It is well known that in a solid electronic state and mate-
rial condensation below the surface can alter the surface
structure some distance away. Scanning force microscopy
(SFM), which has frequently been used to observe surface
topography, can detect anomalies on the surface at atomic
resolution. However, SFM is unable to identify the funda-
mental origins of such anomalies, for instance whether they
are caused by a particular compound or a defect below the
surface. Magnetic resonance force microscopy (MRFM)
[1,2] is one type of SFM capable of performing magnetic
resonance imaging (MRI) [3–9] with remarkable sensitivity
and spatial resolution. The prominent work of single spin
detection [10] has demonstrated the potential of MRFM
as a tool for observing individual spins, but realizing such
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performance for routine daily imaging measurements is still
challenging. A variety of interesting physical, chemical and
biological phenomena can still be observed at the micron
scale, so that the establishment of this new MRFM tech-
nique is important for investigations at this resolution.

In this communication, we show experimental results
performed by a new method which combines three-dimen-
sional (3D) electron spin resonance imaging by MRFM
and topographic imaging of the sample surface by SFM
on a model system consisting of phantom particles. Both
measurements were made using the same experimental
set-up, free of hardware adjustment, so that the two images
precisely coincide. This allows us to identify the location of
the target materials in the monochromatic surface image as
highlighted objects in the MRFM image. Furthermore,
since MRFM is based on magnetic resonance and can
visualize spin distribution inside the sample, this type
of microscopy technique can be applied to investigate
how surfaces are influenced by materials buried beneath
them.
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2. Experiments

Fig. 1 illustrates our experimental setup for MRFM and
SFM measurements. The sample, shown in Fig. 1(a),
consists of two kinds of material. One is a glass bead,
and the other two are particles of diphenylpicrylhydrazil
(DPPH) containing radicals. The two DPPH particles
with sizes 5–8 lm and an 8.8 lm glass bead were glued to
a commercial cantilever (MikroMasch CSC12/Tipless).
The cantilever resonant frequency with the particles was
fc � 14.915 kHz with Q � 8490, and the observed noise
amplitude at fc was

ffiffiffi
S
p
� 0:417Å=
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. An estimation of
the force sensitivity is not straightforward since our
observations of the motion of the cantilever were made at
a point approximately 60% from the cantilever open end,
not precisely at the point where the samples were placed.
Following Ref. [11], we estimate a correction factor
c . 4.3, giving
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deduce the force sensitivity F noise=
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Fig. 1. (a) SEM image of our phantom sample showing two DPPH particles an
the instrumental setup for the MRFM and SFM experiments. (c) Experimen
configurations for measuring the MRFM image. The bowl-shaped red curve in
curve in the ZX-plane and the circle in the XY-plan in (e) are traces of the re
ðk=QÞ
ffiffiffiffiffiffiffiffiffi
Scorr

p
, where (k/Q) is the transfer function at fc,

k is the spring constant of the cantilever and B is the
bandwidth of the measurement. Using k = 0.03 N/m from
the cantilever specification gives F noise=

ffiffiffi
B
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� 0:63�

10�15N=
ffiffiffiffiffiffiffi
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. This is in good agreement with the theoreti-
cal thermo-mechanical force noise given byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kkBT=2pfcQ
p
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. The force signal F

is estimated by measuring the oscillation amplitude
A = (1/c)(FQ/k) at fc.

The magnetic tip, fixed on a 3D closed-loop scanner,
consisted of an electropolished magnetic needle made of
a sintered Nd2Fe14B permanent magnet [8,12]. The original
dimensions of the magnetic shaft were �30 mm long and
�0.77 mm in diameter. After electropolishing, the total
length of the residual shaft became �10 mm. The sharp-
ened portion was nearly conical and 1.6 mm long. An
inspection of its electron microscope image revealed that
the very top of this magnetic needle was rounded, with a
radius of curvature estimated as 3 lm. The direction of
e

c

d a single glass bead glued on to the cantilever. (b) Schematic overview of
tal configuration for measuring the SFM image. (d and e) Experimental
(d) depicts a resonance slice in which spins are in resonance. The parabolic
sonance slice cut at those planes.
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Fig. 2. (a) Example of a magnetic resonance force map in the Y = 0 plane
taken for a single �3 lm DPPH particle at fres = 2.5 GHz
(Hres = 892.5 G). The scan region was meshed into 64 · 32 pixels. The
magnetic tip is shown by a small black triangle. The color grade indicates
the signal intensity. The dotted line represents the anti-symmetrical plane.
(b) Simulation of the force intensity. We assumed a 3 lm spherical object
with spin density 2.1 · 1021 spins/cm3. The magnetic field distribution
around HZ = Hres was approximated by the parabolic formula [3] HZ =
Hres + GZ(Z�Z0)+(1/2)GXX(X�X0)2+(1/2)GYY(Y�Y0)2, with GZ =
oHZ/oZ, GXX = o2HZ/oX2, GYY = o2HZ/oY2, where (X0,Y0,Z0) is the
position of the apex of the paraboloid. All other parameters were
experimentally known, H1 = 0.38 G, AM = 100%, Hmod = 13 G,
T1 = T2 = 6.2 · 10�8 s [3], jGZj = 22.5 G/lm, jGXXj = j GYYj =
0.55 G/lm2. The broken line represents a contour of constant magnetic
field H = Hres. (c) The magnetic resonance force map in the XY-plane
taken for the sample shown in Fig. 1(a) at fres = 2.5 GHz. The scan region
was meshed into 64 · 64 pixels. The inset shows a brief sketch of our
assignment of the circular contours to DPPH particles. (For interpretation
of the references in colour in this figure legend, the reader is referred to the
web version of this article.)
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magnetization was parallel to the long axis of the tip, along
the Z-axis. In order to prevent the cantilever from snapping
when the tip is in close proximity to the surface [10,13–15],
we set the cantilever’s long arm parallel to the long axis of
the tip as shown in Fig. 1(b)–(e).

This magnetic tip was used as the force probe for SFM
measurements to observe topographic images around the
top of the sample. Fig. 1(c) is a schematic diagram of the
SFM setup. With this cantilever configuration, SFM mea-
surements were carried out using the tapping method [16].
A small piezoelectric actuator attached to the cantilever
was used to excite oscillations along the X-axis. Since a
huge shift of fc due to a strong tip-sample interaction was
observed as the distance between them was reduced, we
were unable to keep track of fc at the acquisition speed that
would be required to obtain higher quality topographic
images with the cantilever operating in the high-Q condi-
tion [17]. We therefore used a mechanical resonance
around �11 kHz originating from a cantilever holder
which had a very low Q � 20. The topographic image of
the sample surface was measured by recording the Z-posi-
tion of the magnetic tip. First, the tip was positioned �8 l
m above the surface of the sample to set the cantilever in
the absence of any tip-sample interaction and where the
desired oscillation amplitude could always be obtained
with a fixed voltage. Then, we turned off a phase-lock-loop
which keeps the oscillation amplitude constant, so that the
cantilever was excited at the fixed voltage. Then the tip was
allowed to approach the sample along the Z-axis. When the
monitored oscillation amplitude fell to 50% of the initial
amplitude the Z-position was recorded as the sample posi-
tion. This retract-approach process for measurement of the
Z-position of the tip was repeated for step by step displace-
ment of the tip position in the XY-plane.

After the sample position was identified in the SFM im-
age, the MRFM measurement followed using the same ver-
tical-cantilever configuration (see Fig. 1(d) and (e)). The
static magnetic field necessary for the magnetic resonance
was provided solely by the same magnetic tip as that used
for the SFM. A parabolic resonance field was physically
scanned in space by displacing the tip position. In order
to observe the magnetic resonance from the unpaired elec-
tron spins in DPPH, a microwave magnetic field H1 was
applied along the Y-axis using a 0.1 mm-diameter micro-
coil placed in the vicinity of the sample. (This coil was
present for the SFM measurements as well. Since any re-
adjustment of the constituent parts definitely causes posi-
tional drift, we adjusted all parts at the same time.) The
oscillating force exerted on the cantilever was induced
using the anharmonic modulation protocol [18]. The posi-
tion-dependent force signal was sampled step by step while
the position of the tip was displaced in three dimensions [6].

In both SFM and MRFM, the motion of the cantilever
was measured using a fiber optic interferometer [19] fitted
with a laser diode having a 780 nm wave length. As we sta-
ted above, the SFM and MRFM experiments were made
one after another using exactly the same experimental
setup, and their images were merged together afterwards
[17]. All experiments were made at room temperature un-
der a vacuum of �10�3 Pa.
3. Results and discussion

First, Fig. 2(a) presents an example of the magnetic
resonance force map in the Y = 0 plane taken for a single
�3 lm DPPH particle using the vertical-cantilever configu-
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Fig. 3. (a) Restored real space images displayed in XY-planes sliced at
different Z. The color grade indicates spin density per
1.41 · 1.41 · 2.0 lm3 voxel. (b) Top view of the topographical surface
image. The scanned region is 40 · 70 lm meshed into 120 · 120 pixels.
(For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)
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ration (as a reference, see Fig. 1(c)). The downward parab-
ola traces a contour of magnetic resonance field
Hres = 892.5 G in the vicinity of the magnetic tip. The
inversion of the force intensity along the vertical scan axis
Z is due to a p-phase shift arising from the derivative of the
magnetic absorption peak [18]. Compared with previously
reported force maps [3–8], some asymmetric character is
observed along the X-axis with respect to a vertical Z (dot-
ted) line; the tip (black triangle) at X = 0 may be recog-
nized. This is supporting evidence for the true force
signal in the vertical-cantilever configuration. The MRFM
force is proportional to the magnetic field gradient (MFG)
along the X-axis. Since the dominant MFG given by oHZ/
oX changes its sign at X = 0, the phase of the signal must
be inverted at this point. The disappearance of signals
around the bottom of the contour is explained in terms
of weak oHZ/oX around the symmetrical axis of the mag-
netic field distribution. Using experimental parameters,
the calculated force map is shown in Fig. 2(b) and repro-
duces the observed force intensity quite well. We made sim-
ilar measurements at different microwave frequencies fres to
characterize the field distribution in the vicinity of the tip
[8], in order to estimate the remanent magnetic flux Br of
the tip. With a value for Br = 12.95 kG and the known
tip shape, we were able to calculate the magnetic field
and MFG at any position.

Fig. 2(c) displays one of the XY-plane force maps for the
sample shown in Fig. 1(a). Two circular contours were
observed with paired positive and negative intensities indi-
cating the presence of two DPPH particles; their different
diameters imply that the particles sit at slightly different
depths along the Z-axis. The inversion of the signal inten-
sity along the X-axis with respect to X = 0 is due to the
phase inversion of oHZ/oX as explained above. The 3D
force map was constructed by collecting eight force maps
in the XY-plane at different depth Z in a scan volume of
90 · 90 · 16 lm3; this was then divided into 64 · 64 · 8 ele-
ments. The total acquisition time for completion of the
mapping, including an iterative averaging eight times per
element, was about six days. The stability of the stage posi-
tion was better than �±0.17 lm [20], and the interferome-
ter was continuously adjusted at the most sensitive position
to better than 0.5 nm. The drift of fc was also monitored
and the whole MRFM spectrometer was optimized for that
value of fc every 10 min [6]. The force map was then pro-
cessed so as to restore the 3D real image using an FFT-
based deconvolution algorithm with Wiener filter [3,4,21].
According to Ref. [3], the Fourier transform of the recon-
structed spin density bN r is expressed by

bN r ¼ ĥbF X

jĥj2 þ C
;

where bF X and ĥ are the Fourier transform of magnetic
resonance force and point spread function(PSF), respectively.ffiffiffiffi

C
p

is a constant determined from the maximum of ĥ in
reciprocal k-space divided by the signal-to-noise ratio of
the force. In our experiment the signal-to-noise ratio was
�4.8, and we used

ffiffiffiffi
C
p
¼ 2:9� 10�28N=

ffiffiffiffiffiffiffiffiffiffiffi
voxel
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. The PSF
was determined from the characterized field distribution.
The restored, real 3D image is displayed in Fig. 3(a) as
successive slices through the XY plane; these clearly show
the presence of two objects at different depths Z.

We noticed, however, that some regions exhibit errone-
ous negative spin density or positive ghost images. This
originates from the following subtle issues. The two
bowl-shaped force surfaces observed for the two DPPH
particles were mutually offset along Z. Since only one
PSF can be handled in the FFT deconvolution, a mismatch
in size between the observed force surfaces and the defined
single PSF inevitably generates incorrect images. For
instance, a PSF best matched for one force surface will
be able to restore its image perfectly. But the same PSF
for the other, offset force surface should possess either
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Fig. 5. Combined images of MRFM and SFM. (a) top, (b) side, and (c)
magnified perspective views. Sliced cross-sections of DPPH objects are
displayed in (c). (For interpretation of the references in colour in this
figure legend, the reader is referred to the web version of this article.)
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excess or deficient structure at the brim edge of the PSF;
these extraneous contributions to the deconvolution pro-
cess are the origins of the ghost image. At this moment,
we do not know of a better algorithm. Either have a faster
computer. The images shown here were obtained when a
single PSF was defined with a size intermediate between
the two bowl-shaped force surfaces observed.

Fig. 3(b) shows the top-view topographic image taken
with SFM. This displays a reasonable image of the sample
structure. In fact, the length and trapezoidal shape of the
cantilever along the Y-axis were in satisfactory agreement
with the real cantilever profile provided by the manufac-
turer, given our experimental scan step size along the
Y-axis (0.58 lm). This is evident in Fig. 4, where the side-view
of the SEM image is overlaid on the MRFM image at the
same scale, for comparison. In contrast, the thickness of
the cantilever in the SFM image along the X-axis was
found to be almost four times greater than the actual can-
tilever thickness of 1 lm. This exceeds the experimental
error even if some broadening due to the cantilever
oscillation (typically 40 nm in amplitude) is taken into
account. This direction-dependent resolution problem may
be explained by a presence of a fine appendix attached
on the tip. The sharper tip generally provides a better
SFM image. The fact that the observed line profile along
the Y-axis was in good agreement is naturally interpreted
in this model by noting that the stiffness of the cantilever
along the cantilever width (Y) is so strong that the Y-posi-
tion of the cantilever is not seriously affected by extra
forces, resulting in an appropriate observation of the sur-
face profile of the sample. On the other hand, since the can-
tilever’s stiffness along the oscillating direction (X) is much
weaker, the average X-position of the oscillating cantilever
must be significantly affected by the forces. The observed
thickness along the cantilever oscillation axis X is thus
likely to be caused by attractive forces between the sample
and the tip, which pulls the cantilever back when it is in
close proximity to the sample. A convoluted broadening
due to the 6 lm diameter of our magnetic tip should cause
a

b

Fig. 4. Side view of the sample. (a) SFM image (grayed) is overlaid on to
an MRFM image in the same area. (b) SEM image in the same scale as in
(a). (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)
equivalent broadening effects for the SFM image in both
the X- and Y-axes, and thus fails to explain this
observation.

Finally, we present in Fig. 5 the combined 3D images of
MRFM and SFM, where the display threshold for the
MRFM images is set at 40% of the maximum intensity.
Two distinct objects can be seen in the figures. By compar-
ison with the SEM image of Fig. 1(a) these can be reason-
ably assigned to the radical-containing DPPH particles.
The glass bead, which is located between the DPPH parti-
cles and clearly recognizable in the SFM image, is not pres-
ent in the MRFM images because it is insensitive to
magnetic resonance since free-radicals are not present.
Non-negligible overlap of the restored DPPH objects on
the cantilever is caused by the broadened SFM image along
the X-axis as mentioned above. In particular Fig. 5(c)
shows two arbitrary plane cross-sections through the
DPPH images, demonstrating the usability of MRFM as
an MRI spectrometer for the visualization of the internal
structure of microscale objects.
4. Concluding remarks

Maintaining positional reproducibility within an instru-
ment operating at the sub-micron scale is difficult to realize
if mechanical parts are physically rearranged. This method
of combining two microscopy techniques using the same
experimental set-up is particularly useful for examining
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relationships between the surface structure of the sample
and internal spin distribution. For instance, spin-labeling
techniques can also be used with MRFM to highlight the
location of a designed molecule at sub-micron resolution
[8].

The distribution of restored objects may not always
coincide with a unit of structure such as an individual bio-
logical cell but be more localized in the unit or spread over
some distance. We believe that the present microscale
imaging is a potentially valuable method for the investiga-
tion of anomalies induced on the surface by spin-labeled
materials buried beneath. Since nuclear magnetic reso-
nance (NMR) with MRFM has also been reported
[14,22–24], a similar visualization of the distribution of a
selected nucleus by NMR might be realized.

In the present work, the spatial resolution of the recon-
structed image, defined as the width over which the signal
intensity decreased from 75% to 25% of its maximum on
the edge of DPPH objects, was estimated to be
2.8 · 2.8 · 2.0 lm3. On the other hand, the theoretical res-
olution, as determined by the MFG and ESR linewidths of
DPPH(�1 G), is calculated to be 0.08 · 0.08 · 0.04 lm3.
The fact that the current spatial resolution is poorer than
this theoretical resolution is due both to the scan-step size
of 1.4 · 1.4 · 2.0 lm3 and to the limited sensitivity of a
room temperature experiment. We are not equipped to
observe the signal from the a voxel smaller than our practical
resolution (with a reasonable signal-to-noise ratio). We
have tried to estimate this sensitivity-limited resolution,
equivalent to the minimum detectable voxel size as deter-
mined by the number of spins inducing the force signal
(equal to the force sensitivity), divided by the spin density
q = 2.1 · 1021 spins/cm3 for DPPH. Considering that our
experiments were performed with a bandwidth B =
0.16 Hz and with eight iterations at each position to
improve the signal-to-noise ratio, the force sensitivity
achievable is expected to be Fnoise � 0.11 · 10�15 N, so
the sensitivity-limited resolution is crudely estimated to
be about (0.9 lm)3. It is expected that the theoretical
resolution could be achieved by reducing the temperature
to 0.5 K, where the thermal noise will be markedly reduced
and the magnetization increased.

Finally, we comment on the importance of this vertical-
cantilever configuration for improving the sensitivity of
MRFM in the future. The expression for the force noise
Fnoise implies that this is ultimately related to the cantile-
ver’s parameters; it is essential to make k smaller, fc and
Q larger and T smaller to reduce the force noise. The use
of an ultrasoft cantilever for MRFM experiments has been
demonstrated where the cantilever was set normal to the
sample surface to prevent it from diving into the sample
[10,13–15]. From this point of view, our configuration is
basically equivalent to theirs. The present work is, to our
knowledge, the first to report 3D MRFM images with
the cantilever oscillating parallel to a sample surface in
the vertical-cantilever configuration in the presence of an
external field perpendicular to the sample surface.
We therefore suggest that MRFM shows promise as a
nanoscale 3D imaging microscope.
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