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We present a spatial encoding technique for magnetic resonance force microscopy that allows for a much
enhanced image acquisition rate. The technique uses multiplexing, based on spatial Hadamard encoding, to
acquire several slices of the image simultaneously and at an undiminished signal-to-noise ratio. We demon-
strate an improvement in imaging time by a factor of 7.6, and further advances can be expected.
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Magnetic resonance force microscopy �MRFM�1,2 is a
new and promising method for nanoscale, noninvasive imag-
ing. For samples in the micrometer and nanometer range the
inductive detection technique of conventional magnetic reso-
nance imaging �MRI� becomes insensitive and mechanical
detection using cantilevers becomes the method of choice.
Nevertheless sensitivity remains an issue1,3 which we ad-
dress here with a scheme that simultaneously samples data
from many slices of the object. The scheme does not only
improve the signal-to-noise ratio of the images considerably
but can record ultrafast images, ultimately a complete one-
dimensional or even three-dimensional image in a single
scan.4–6

Fast acquisition methods were introduced for modern
nuclear magnetic resonance �NMR� and MRI early in their
development7,8 and have indeed been crucial for their suc-
cess. They take advantage of the multiplex advantage of Fou-
rier transform spectroscopy and echo planar imaging, respec-
tively. Ultrafast acquisition schemes in multidimensional
NMR simultaneously acquire an entire time dimension by
coding it into a spatial dimension.9 In the following, we
show that a Hadamard encoding technique, related to
schemes previously used in MRI and NMR applications,10–13

can be adapted for similar gains in MRFM.
The scheme—demonstrated here in one dimension

�1D�—uses simultaneous encoding of several slices which
would conventionally be sampled one by one. In our ex-
ample, we used eight slices and observed an imaging-speed
improvement of almost 8 over conventional methods with
only a minor loss in signal-to-noise ratio �SNR� due to im-
perfections and relaxation. Significantly larger improvements
of the imaging speed are undoubtedly possible.

In conventional MRFM, the image is read out by selec-
tively detecting spins within a predefined range of resonance
frequencies. Frequency and spatial position are directly re-
lated by the spatial gradient of the applied magnetic field. By
shifting the frequency band in subsequent steps a 1D image
of the spin density is obtained directly.

In Hadamard imaging, the signal from N slices is recorded
simultaneously. The position of the spins is encoded by
frequency-selective inversion pulses applied at regular inter-
vals during signal acquisition �Fig. 1�a��, where N denotes
the multiplex factor of the encoding scheme. The frequency-
selective pulses for the encoding are chosen to manipulate
the corresponding slices of the image according to the rows
of the Hadamard matrix HN �Fig. 1�c��: a “+” in the matrix
indicates that the magnetization of the Nth slice is in the

direction of the main field, and for a “−” the slice is inverted.
After N experiments, each of them providing the full signal
�either positive or negative� from each slice, the intensity of
the N individual slices is reconstructed using the Hadamard
matrix transpose, HN

T with HN
THN=NIN, where IN is the N-by-

N identity matrix.14 After Hadamard reconstruction the sig-
nal is N times larger than from an individual experiment
while the noise is �N times larger. Therefore the SNR en-
hancement over the slice-by-slice method is �N, provided all
measurements begin with the same initial polarization and
the interruption of the detection during the Hadamard encod-
ing pulses and the receiver deadtime is small compared to
the entire detection time which, in turn, is limited by the
decay time of the polarization during detection, T1�. We use
the higher sensitivity of the Hadamard experiment to record
an image of similar quality �SNR� at a reduced imaging time.

Our experimental results image the 19F spin density in a
micron-sized single crystal of KPF6 glued to a cantilever.
The 1D images obtained by the conventional slice-by-slice
encoding technique and by the Hadamard-8 scheme are
shown in Fig. 2 as a shaded area and black curve, respec-
tively. For the conventional curve, the image consists of 80
data points, each representing the spin density in a slice of
approximately 1 �m thickness. The Hadamard-8 image ac-
quired in only 13% of the experimental time leads to a com-
parable image. As seen in the two insets in Fig. 2 the noise
level of the two experiments �determined predominantly by
thermal noise� is roughly equivalent. A quantitative evalua-
tion of the relative SNR of the Hadamard to the slice-by-
slice measurements leads to 93±10%.15 To cover the entire
size of our object, ten Hadamard images were performed
sequentially, from the regions indicated by the dashed verti-
cal lines in Fig. 2. Finally, the entire image obtained with ten
Hadamard-8 experiments also consists of 80 data points. Fur-
ther details are discussed below.

To characterize the spatial resolution of our scheme we
invert, before the imaging experiment, the magnetization in
the slices 1,2, and 5,6 of the eight slices detected in the
Hadamard encoded experiment. This leads to a modulation
of the magnetization in the form of a square wave. Subse-
quently, this modulated intensity is imaged with the
Hadamard-8 scheme. The image generated is shown in Fig. 3
and clearly displays the pattern previously modulated onto
the magnetization, namely always two image points with
positive intensity, followed by two image points with
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negative intensity. This experiment demonstrates that �m
resolution is obtained with our Hadamard detection.

The envelope to the modulated pattern �dashed line in Fig.
3� was acquired slice-by-slice. A comparison shows that the
overall crystal shape is reproduced by the modulated magne-
tization. We attribute the imperfections of the square wave
pattern to incomplete inversion by the selective hyperbolic
secant pulses, rotating-frame relaxation and to the vibration
of the cantilever during the encoding. As the inversion areas
are spatially fixed in the gradient field, motion of the canti-

lever will lead to a blurring of the inversion areas. This effect
is also seen in Fig. 2, where the Hadamard image appears
rougher than the slice-by-slice measurement, despite that the
SNR is very similar, as seen from the noise in the areas to the
sides of the crystal signal.

The MRFM probe follows a sample-on-cantilever design
with the oscillation of the cantilever in the direction of the
gradient. The probe has already been described16–19 and a
review of the detection scheme is given by Nestle et al.20 We
use an iron cylinder as the gradient source �0.5 mm diameter,
10 mm length, Bsat=1.75 T�. A single crystal KPF6 sample
was glued to the tip of a commercially available silicon
nitride cantilever �Veeco Instruments, k=0.01 N /m,
fc=832 Hz, and Q=12 000�. The crystal dimensions are
�40�40�80 �m3 �see Fig. 4�.

The pulse sequence of Fig. 1 was initiated by a 0.5 s pulse
550 kHz off-resonance from the detection center to pre-
equilibrate the temperature of the cantilever and reduce the
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FIG. 1. �a� Pulse sequence for Hadamard-encoded imaging. The
sign of the magnetization in the different slices is inverted by the
frequency-selective pulses that interrupt signal detection. According
to the Hadamard �N=8� matrix shown in �c� hyperbolic secant
pulses were employed in the eight encoding steps, performed within
a total time approximately equaling T1�, such that sufficient signal
remains for the last data point. The time periods needed for the
selective pulses, where the adiabatic frequency modulation is off,
were always chosen as full multiples of the cantilever period to
allow the phase-sensitive reconstruction of the signal. �b� Pulse se-
quence for sequential Hadamard encoding. The magnetization is
now encoded prior to the readout according to a column of the
matrix �c�, which is varied in sequential acquisitions until the mag-
netization of each region is acquired with all N columns. The selec-
tive pulses are applied according to a column of �c�, shown here for
the last time step. Sequential encoding offers the same sensitivity
advantage as fast Hadamard encoding, but cannot speed up the
minimum acquisition time. For both sequences a prepulse is applied
to minimize the response of the cantilever to the rf for the remain-
der of the pulse sequence. It heats the cantilever to the temperature
that it will remain at during the application of the other pulses in the
sequence. Each scan is performed twice, once with the polarization
inversion pulse present �dashed line� and once without it �solid
line�. The polarization cycle scheme is sculpted such that only the
central region of the detected subslices is inverted and distinguished
from the remaining signal by subtracting the two measurements in
the reconstruction. This is used to differentiate between spin-signal
and direct cantilever excitation by the rf and to remove the signal of
the less sensitive wings of the sensitivity function �SF, see Fig. 5�.
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FIG. 2. �Color online� Fast acquisition 1D image �Ref. 27�
�black curve�. The conventional image, measured slice-by-slice
�each point corresponding to a slice through the three-dimensional
object� is given by the shaded area. The vertical dashed lines indi-
cate the boundaries of the regions from which the signal was re-
corded simultaneously using the Hadamard scheme, termed block
in the following. The sensitivity function is shown in white at the
bottom of the shaded area, where contributions in the wings, ulti-
mately removed by the polarization cycle, are indicated by dashed
lines �see Fig. 5�. The insets at the top magnify the sections from
the noise, directly below them, vertically by 400%. A microscopic
photograph of the sample is shown in Fig. 4. Hadamard encoding
reduces the measurement time, at constant SNR, by a factor of 7.6.
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FIG. 3. �Color online� Demonstration of the spatial resolution of
Hadamard encoding. Prior to the fast acquisition as shown in Fig.
1�a� the slices 1, 2, 5, and 6 of each acquisition block were inverted
by selective pulses. A slice-by-slice measurement is shown as a
reference as a red �gray� dashed line to both sides of the plot. The
patterning of the magnetization demonstrates that the Hadamard
measurement has the expected resolution �see text�.
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rf-cantilever interactions. The rf-field amplitude corre-
sponded to a nutation frequency of 42±5 kHz for prepulse
and detection. Each detection period was 200 cantilever os-
cillations, corresponding to 240 ms length. The selective
pulses for encoding and the polarization cycle were hyper-
bolic secant pulses21 of 1 and 5 ms length, respectively,
42±5 kHz average nutation frequency, and a truncation pa-
rameter of 12. The modulation bandwidth for detection was
960 kHz. The delay between two readouts was three cantile-
ver cycles if two encoding pulses were needed �for steps 3, 5,
and 7 of Fig. 3�a�� and two cycles if only one pulse was
required for encoding.

For image reconstruction the measured cantilever oscilla-
tion was first multiplied by an exponentially rising function
with a time constant matched to the T1�-decay of 2.3±0.5 s.
Next the signal was integrated over the time between the
encoding rf pulses. To avoid artifacts from the finite rise time
of the cantilever ��c�10 ms using feedback damping18,22,23�,
10 ms of the data from each detection period of 240 ms
length was discarded. Next, the vector of data points was
multiplied by the inverse Hadamard matrix, reconstructing
the spatial information. As our detection scheme is less sen-
sitive to spins further from the slice center,24 the noise at the
outer Hadamard slices is increased. To mitigate this effect we
employed an acquisition bandwidth twice as large as the en-
coded area and the less-sensitive wings were removed by the
polarization cycle �see Fig. 5�. To compensate for the re-
maining effects of the sensitivity function �SF�, the signal of
the individual slices was divided by the SF integrated over
the bandwidth of the corresponding slice.

The total acquisition time of the Hadamard measurement
was 1.6 min compared to 12.1 min for the slice-by-slice
measurement. Each pulse sequence was 2.5 s and between
two scans there was a 2 s delay. Once per acquisition of the
whole image the pulse sequence needed to be reloaded onto
the wave-form generator as different pulses were required for
the second part of the polarization cycle. This caused a

longer delay of 10 s once per experiment. Comparing the
two techniques we increased the acquisition rate by a factor
of 7.6 using Hadamard matrices with N=8.

For the SNR considerations, we have not taken the T1
relaxation time into account. The magnetization of an indi-
vidual region has to recover between two scans that address
the spins in this region. In cases where T1 is long compared
to the scan repetition time �4.5 s� multiplied by the number
of Hadamard blocks �ten in our experiments�, the Hadamard
enhancement will be reduced. We reach the near-optimal re-
sult as T1 of our sample is 6.2±0.3 s.

Hadamard encoding can also be performed in sequential
measurements. In this case the pattern corresponding to one
row of the Hadamard matrix would be encoded in subse-
quent scans �Fig. 1�b��. The signal containing the encoded
signal from N slices would be read out during detection for a
time of several T1� without applying encoding pulses during
readout. The Hadamard row for encoding will then be varied
in subsequent scans until all the lines are used. In the recon-
struction, the data are recombined as above, but the T1� cor-
rection is unnecessary. Hadamard encoding, in this sequen-
tial version, enhances the SNR theoretically by the same
factor of �N as the “fast” version shown in Fig. 1�a�. How-
ever, it is impossible to record the image of all N slices in a
single scan; N scans are needed. For SNR-limited experi-
ments, where several scans are needed for signal averaging,
sequential encoding is advantageous because it is simpler
and less sensitive to artifacts.

All experiments and considerations hold for an initial
equilibrium magnetization given by the Curie law �thermal
ensemble�. For small numbers of spins per voxel �e.g., 108

spins�, signal detection schemes making use of the statistical
fluctuations of the spin polarization have been introduced.25

The fast acquisition scheme of Fig. 1�a� is also expected to
work for these experiments.

The order N of Hadamard encoding is limited by T1� re-
laxation and the cantilever ring-down time �c= 2Q

�c
. In a

50 �m

FIG. 4. �Color online� Image of the KPF6 sample mounted on
the cantilever. The direction indicating the main field is also the
direction of the field gradient from the iron cylinder positioned
above the sample �outside of the image�. The coil was pulled back
to the left from over the sample for the photograph. During an
experiment the coil encloses approximately half of the sample, leav-
ing enough room for the laser beam deflected off the bottom of the
cantilever.
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FIG. 5. �Color online� Sensitivity function of our triangular rf
modulation detection scheme. The sensitivity of amplitude detec-
tion to spin packages depends on their frequency relative to the
modulation center. This does not imply the physical resolution limit,
ultimately given by the nuclear spin dipole-dipole interaction. By
Hadamard encoding we can resolve slices much smaller than the
width of the SF. The Hadamard 8 scheme does not encode the
wings with low spin sensitivity and their signal was eliminated by
the polarization cycle. The lines within the Hadamard-encoded area
indicate the position of the slices.
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simple approximation N�c�T1� is the limit in amplitude-
modulated �AM� detection. The sequential version of Had-
amard encoding is not limited by T1� and there is no apparent
limit to the encoding order N. Detection methods that depend
on T1 �Ref. 26� will ease these limitations, especially as the
detection time, required for each encoding step, is not limited
by �c. Hadamard encoding can also be implemented to re-

solve spatial images in 3D, if suitable gradients are added to
the setup.
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