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Three dimensional magnetic resonance imaging by magnetic
resonance force microscopy with a sharp magnetic needle
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Abstract

An electropolished magnetic needle made of Nd2Fe14B permanent magnet was used for obtaining better spatial resolution than that
achieved in our previous work. We observed the magnetic field gradient jGZj = 80.0 G/lm and the field strength B = 1250 G at
Z � 8.8 lm from the top of the needle. The use of this needle for three dimensional magnetic resonance force microscopy at room tem-
perature allowed us to achieve the voxel resolution to be 0.6 lm · 0.6 lm · 0.7 lm in the reconstructed image of DPPH phantom. The
acquisition time spent for the whole data collection over 64 · 64 · 16 points, including an iterative signal average by six times per point,
was about 10 days.
� 2005 Elsevier Inc. All rights reserved.
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Magnetic resonance force microscopy (MRFM) pro-
posed by Sidles [1] is scanning probe microscopy combined
with the magnetic resonance (MR) imaging technology. A
few groups have already reported successful reconstruction
of MRFM images [2–6], and their achieved spatial resolu-
tion and sensitivity were confirmed better than those of the
conventional MR imaging. The incredible sensitivity have
recently been proved by detecting single electron spin [7].
A small magnetic tip is essential in MRFM to generate a
magnetic field gradient, which is a fundamental source to
induce a force through the magnetic interaction with spins
present in a sensitive slice where the magnetic resonance
condition is satisfied. The modulated sample magnetization
in the slice by the MR technique causes an oscillating force,
which then excites an oscillation of a micrometer scale
beam, so-called cantilever, typically used for atomic force
microscopy. It is known that the smaller and shaper mag-
netic tip can generate the stronger magnetic field gradient,
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which makes the slice width narrower, resulting in a higher
spatial resolution.

To improve our previously achieved resolution (�1 lm)
[6], we used an electropolished magnetic needle made of a
sintered Nd2Fe14B permanent magnet [8,9]. The diameter
of the most sharpened top was approximately 8 lm and
gradually increased along the needle in 1 mm to reach the
original rod diameter of 0.5 mm. The direction of magneti-
zation was parallel to the symmetrical axis of the needle.
Coercivity, remanence, and maximum-energy product of
the magnetic needle were estimated to be 14.1 kOe,
13,900 G, and 368 kJ/m3, respectively. This magnetic nee-
dle was then mounted on a three dimensional piezoelectric
scanner installed in our MRFM spectrometer.

Knowledge of the magnetic field distribution in the very
vicinity of the magnetic needle is crucial for MRFM imag-
ing, especially when a point spread function is defined in
the deconvolution, which comes in reconstructing the real
image from the observed raw data. Thus, we first conduct-
ed examination of the field distribution by employing
ESR–MRFM for a 5 lm diphenylpicrylhydrazil (DPPH)
particle glued on a commercial cantilever (MikroMasch
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Fig. 1. SEM image of two DPPH particles glued on a cantilever.
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CSC12). The microwave frequency f = 2.0–3.5 GHz, corre-
sponding to the magnetic resonance field B0 = 714–1250 G,
was varied to characterize the overall field distribution. The
measurements were carried out at room temperature and in
vacuum of �10�3 Pa. The details of our MRFM spectrom-
eter [6] and the procedure to map the magnetic field were
described elsewhere [2–6].

The curved surface of constant B0 specified by the given
f was well fitted by the parabolic and axially symmetric for-
mula [2]

B ¼ B0 þ GZðZ � Z0Þ þ
1

2
Grrr2. ð1Þ

Here, the position (r,Z) is defined in the cylindrical
coordinate where the Z axis coincides with the symmetrical
axis of the magnetic needle. Z0 is a distance between the
top of the needle and the apex of the paraboloid. Impor-
tantly, this quantity is equivalent to a maximum depth
for sensing the presence of spins below the sample surface.
GZ and Grr are magnetic field gradients defined by oB/oZ
and o2B/or2, respectively. The radius of curvature R at
the apex of the paraboloid is given approximately by
R = GZ/Grr. Table 1 summarizes the values which were ob-
tained in the series of these field mapping experiments. The
strong magnetic field gradient exceeding jGZj = 80.0 G/lm
and the high magnetic field strength of 1250 G were found
at Z � 8.8 lm from the top of the needle.

Three dimensional (3D) ESR–MRFM imaging experi-
ment was then carried out with this characterized magnetic
needle. Fig. 1 shows the SEM (JSM-6060LA) image of a
phantom used for verification of the imaging experiment,
where two 5 lm DPPH particles glued on the cantilever
were seen. Given at f = 2.8 GHz (B0 = 999.6 G), the MR
force map was three-dimensionally constructed in
40 lm · 40 lm · 11 lm volume meshed into 64 · 64 · 16
points. The total acquisition time to complete the mapping,
including an iterative average by six times per point, was
about 10 days. Yet, we emphasize that our MRFM spec-
trometer is very stable and well regulated allowing to contin-
ue a long acquisition over weeks even at room temperature.
The obtained force map was further processed for recon-
structing the 3D real image through Wigner filtering decon-
volution technique [2,3]. To define the point spread function,
three parameters of the curved surface at constant magnetic
field B = B0 was determined by Eq. (1), and Z0 = 15.4 lm,
Table 1
Property of the magnetic needle

Z0 (lm) B0 (G) Gz (G/lm) Grr (G/lm2) R (lm)

8.8 1250 �80.0 — —
10.8 1142 �38.1 �3.01 12.7
18.2 928 �27.5 �1.12 24.7
30.4 714 �13.9 �0.292 47.7

Z0 is a distance between the top of the magnetic tip and the apex of the
paraboloid approximating the curved surface of constant magnetic field B0

(see the text). GZ and Grr are the magnetic field gradient oB/oZ and o2B/
or2, respectively. R is a radius of curvature at the apex of the surface of
constant B0.
GZ = �28.7 G/lm, and Grr = �1.38 G/lm2 were finally
derived.

Fig. 2A shows one of the Z slices of the reconstructed
3D-ESR image. The color grade indicates the number of
spins per voxel of 0.625 lm · 0.625 lm · 0.688 lm. The
maximum number of spins was 8.3 · 108 per voxel, or
equivalently the spin density of 3 · 1021 spins/cm3. The
noise level was 1 · 108 per voxel, yielding a signal-to-noise
ratio of �8. The successive XY images sliced at different
depths Z are also displayed in Fig. 2B, where a partial re-
gion of 25.63 lm · 13.75 lm · 3.44 lm around the objects
is selectively chosen. Fig. 2C shows line profiles of the num-
ber of spins along the X (Y) axis indicated by the horizon-
tal (vertical) line in Fig. 2A, and along the Z axis on the
crossed position of the two lines. The spatial resolution
was defined as the width that the signal intensity decreased
from 75 to 25% of its maximum on the edge of the spectral
object [3]. By this definition, the resolutions were concluded
to be 0.7 lm along the Z direction and 0.6 lm in the XY

plane. The higher resolution than that previously reported
in [6] was due to the larger magnetic field gradient pro-
duced by the sharp magnetic needle. The theoretical resolu-
tions, which are determined by the magnetic field gradient
and ESR linewidth of DPPH (�1 G) [2], are estimated to
be 0.04 lm along the Z direction and 0.1 lm in the XY

plane. The resolutions obtained in this experiment were
limited by the scan step, not by the magnetic field gradient.
Although the above theoretical resolution could be realized
by mapping the force distribution with finer step, the sensi-
tivity achieved in the present setup was insufficient to detect
the signal from such a tiny voxel. One of the way to im-
prove the sensitivity and the resolution is to operate
MRFM in low temperature environment.

When the MRFM image shown in Fig. 2C is compared
with the SEM image in Fig. 1, the number of DPPH parti-
cles, their relative positions and the size of the left particle
were in reasonable agreement. On the other hand, the same
comparison with respect to the shape and the size for the
right particle is less satisfactory. One of the plausible



Fig. 2. 3D-ESR–MRFM images. (A) 2D XY image sliced at Z = 1.38 lm. The color grade indicates the number of spins present in each voxel. (B)
Successive XY images sliced at different depths Z. (C) Line profiles of the number of spins along the X(Y) axis indicated by the horizontal (vertical) line in
(A), and along the Z axis on the crossed position of the two lines.
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reasons for this inconsistency is that free radicals in the
DPPH particles might become unstable to a possible chem-
ical reaction with the glue. In addition, our empirical
knowledge is that, the signal from DPPH particle always
diminishes after exposition to the air over two to three
months likely due to oxidation gradually invaded from
the surface. If such damaged particle was accidentally cho-
sen in the preparation, we could observe a weaker signal
intensity. Finally, it should be noted that dark blue do-
mains observed in the sliced images of Z = 0.00 and
0.69 lm in Fig. 2B implies the spin density to be negative.
This falsely derived result is most likely due to a deviation
of the approximated B0 contour expressed by Eq. (1) from
its true distribution, which causes an incomplete definition
of the point spread function used in the delicate deconvo-
lution process.

In summary, we used the electropolished sharp magnet-
ic needle to improve the special resolution of MRFM.
Through the examination of the local magnetic field distri-
bution near the top of the needle by using MRFM, the
field gradient jGZj = 80.0 G/lm and the magnetic field
B = 1250 G were observed at Z � 8.8 lm from top of
the needle. The 3D ESR–MRFM imaging experiment with
this needle was carried out at room temperature for the
phantom of 5 lm DPPH particles. The achieved
resolution in the reconstructed MRFM image was
0.6 lm · 0.6 lm · 0.7 lm. The iterative averaging over 10
days was necessary to increase the signal-to-noise ratio
up to �8 in the reconstructed image. We however note
that no group has so far achieved this resolution together
with the stability in the room temperature MRFM imag-
ing (Chao et al. [5] reported 3D imaging for DPPH with
�0.1 lm resolution yet at T = 80 K). Further improve-
ments are under way.
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