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Chemical-shift imaging in micro- and nano-MRI
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We demonstrate chemical-shift imaging of solids with a spatial resolution of about 1 pum using magnetic
resonance force microscopy. Images with two spatial dimensions and one spectral dimension were recorded and
an extension to three spatial dimensions and several spectral dimensions is possible. To reduce the measurement
time multiplexing schemes are used for all dimensions (by either a Fourier or a Hadamard method) and quadrature
detection is introduced for the directly acquired spatial dimension, in combination with Hadamard encoding.
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I. INTRODUCTION

Magnetic resonance imaging (MRI) is a widely used non-
invasive imaging technique.! The high sensitivity of nuclear
spins to their surrounding chemical environment makes it
attractive to add one or several spectral dimensions to the usual
spatial dimensions. One example is chemical-shift imaging
(CSI),2 where two or three spatial dimensions are combined
with one or more spectral dimensions that characterize the
chemical composition at each point of the (conventional)
spatial image. While the main applications are doubtlessly in
the medical field, MRI has also been applied to soft solids.
Typically a spatial resolution of roughly 1 mm is used in
medical applications, but resolution down to 1 wm has been
achieved in favorable cases.>* In liquid samples with narrow
resonance lines, the resolution is essentially limited by the
signal-to-noise ratio (SNR) of the experiment, but in solids,
with considerably broader resonance lines, the strength of the
applicable field gradient is a further limitation.

Bothissues can be addressed with magnetic resonance force
microscopy (MRFM), which detects spin magnetization via a
mechanical sensor: a sample with nuclear or electron magnetic
moments is placed in a high magnetic field with a strong
field gradient, typically produced by a small ferromagnet
positioned close to the sample.>® Compared to inductively
detected MRI, MRFM has more favorable scaling behavior
with decreasing sample size. It yields a higher sensitivity’
and even single-electron-spin detection has already been
demonstrated.'? Recently, a nuclear spin image of tobacco
mosaic virus with a resolution smaller than 10 nm was
demonstrated at cryogenic temperature.!!

MRI and MRFM are based on the linear relationship be-
tween the magnetic field strength and the resonance frequency
of the spins, w(¥) = —y B(¥), where y is the gyromagnetic
ratio, B denotes the strength of the applied magnetic field,
and 7 is the position vector of the volume element (voxel)
described. Therefore, measurement of the resonance frequency
in the presence of a magnetic field gradient leads to a
one-dimensional spatial localization of the magnetic moment.
The power of NMR spectroscopy is based on further and much
smaller interactions that influence the resonance frequency w,
namely, the chemical shift, dipolar couplings, scalar couplings,
and, for spins with I > 1/2, the quadrupole coupling.'?> These
interactions may be used to introduce chemical contrast into
magnetic resonance images and all of them have, in fact,
been demonstrated also in MRFM.'*"!® The chemical-shift
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interaction probes the electronic environment and allows us to
distinguish nuclei that are chemically distinct. It is arguably
the most important interaction in chemical, biological, and
medical applications. The basic principle of using the chemical
shift with MRFM, by mechanically flipping away the gradient
source during the chemical-shift evolution period, has recently
been demonstrated.'® Alternative methods have been described
elsewhere.!” This yields so-called localized spectra, meaning
NMR spectra for a restricted volume element in the sample.

Here we demonstrate CSI and the use of the chemical
shift in nano-MRI to obtain chemical image contrast and
describe fast imaging methods that include the chemical-shift
interaction, either as an independent spectral dimension or as a
filter to obtain contrast in one-dimensional (1D) or 2D spatial
images. Hadamard encoding®®-?? in one spatial domain is used
toincrease the SNR per unit time, as described earlier,?? and we
present a novel quadrature approach that allows a further factor
2 reduction in the measurement time. We apply these methods
to a phantom sample, a set of crystals of KPFs and MgF,, and
show how spatially localized chemical-shift spectra and 2D
spatial images with chemical-shift contrast or a chemical-shift
spectrum can be used to study solids by nano-MRI.

II. ENCODING AND RECONSTRUCTION SCHEMES

In this section we introduce different approaches to the mea-
surement of localized chemical-shift spectroscopy, chemical-
shift contrast, or CSI and discuss their respective advantages
and disadvantages. In order to incorporate chemical-shift
information into MRFM images we move the gradient source
sufficiently far away from the sample during the relevant
period of the experiment, thereby obtaining a homogeneous
field for high-resolution spectroscopy.'® The setup used in the
experiments presented here is shown schematically in Fig. 1.

To minimize measurement times, all spectral dimensions
were recorded using multiplexing schemes choosing either
Fourier (see Sec. Il A) or Hadamard (see Sec. II B) encoding.
For the spatial z dimension, encoded by the By gradient pro-
duced by a ferromagnetic gradient source (Fig. 1), Hadamard
encoding yields the optimum sensitivity per unit time.>> We
also describe, in the following, a novel extension of the
Hadamard scheme in the form of a quadrature detection
scheme (Sec. I1C).

To denominate the various experiments we define the
following shorthand notation for each dimension of the images,
X®P where X denotes the encoding scheme, and exp the
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FIG. 1. (Color online) Schematic of the MRFM setup. The
sample, consisting here of MgF, (red; encircled by small oval within
larger oval) and KPFg (green) crystals, is glued onto the cantilever.
Depending on the spin orientation, the sample experiences an
attractive or repulsive force due to the ferromagnetic gradient source
placed over the sample. The spins are inverted periodically using
radio-frequency irradiation at the mechanical resonance frequency
of the cantilever. The resulting cantilever oscillation is detected by
a laser-beam deflection sensor. To achieve a homogeneous magnetic
field for spectroscopic encoding in the imaging experiments, a piezo
bender is included in the setup, which can flip the gradient source
away from the sample position.

type of dimension. The encoding scheme can be Hy, Hyy,
F, or § which stand for Hadamard-N encoding, quadrature
Hadamard-N encoding, Fourier encoding, and slice-by-slice
readout, respectively. The types of dimensions are denoted
“spa” and “spe,” short for spatial and spectral dimension,
respectively.

A. Fourier transform (FT) chemical-shift imaging

FT-CSI experiments F*P°S are measured with the pulse
sequence shown in Fig. 2(a). The chemical shift is encoded
during #; evolution, in which a magic echo is applied to refocus
the dipolar interaction.?* The phase cycle {y,—y} of the first
/2 pulse ensures the required amplitude modulation and
further suppresses remaining radio-frequency (rf) cantilever
interactions. Phase sensitivity in the spectral dimension is
achieved by applying TPPL> The signal is detected slice by
slice using a triangular readout scheme. This method yields
an independent chemical-shift dimension that contains, for
each voxel, the NMR spectrum after the FT. Integration of
the NMR spectrum over the resonance line of a given chem-
ical compound yields the spatial image with the respective
chemical-shift contrast.

B. Hadamard chemical-shift imaging

As an efficient alternative to Fourier encoding, Hadamard
encoding can be used for the chemical-shift dimensions.?®’
The Hadamard-CSI pulse sequence [Fig. 2(b)] yields images
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with one spectral and two spatial dimensions F***Hy'* Hyp.'
After the gradient source is flipped away a nutation pulse for
the rotating-frame encoding in the x dimension?® is applied.
This is followed by a spectral Hadamard encoding with
frequency-selective hyperbolic secant pulses. For recording
a full spectrum, both Hadamard and Fourier encoding are
expected to yield the same SNR per time unit. A significant
time savings can, however, be achieved with Hadamard
encoding, if only a limited number N of resonances in the
spectrum is present or is of interest.

In the following we apply Hadamard encoding schemes
Hy with N =2,4,8 (for the respective matrices, see the
Appendix), for which the relation H 15 Hy = Ny holds. Here
Iy is the N x N-identity matrix and H) the transposed
Hadamard matrix. Spectral Hadamard reconstruction is per-
formed in the same manner as spatial Hadamard reconstruc-
tion using P = Hy E, where E is the detected Hadamard
encoded spectrum and P the reconstructed spectrum. The
spectral resolution of a Hadamard spectrum is limited by
the excitation width of the Hadamard slice and, ultimately,
by the homogeneous linewidth of the sample. For known
chemical-shift positions the Hadamard slices can then be
chosen such that each encompasses the spins at one separate
resonance frequency only. With an appropriate selection of
the Hadamard slices, several images with a chemical-shift
contrast can be recorded simultaneously (e.g., the distribution
of different chemical compounds). This is by far the fastest
method for creating images with chemical-shift contrast if the
chemical composition of the sample is known.

C. Quadrature detected spatial Hadamard encoding

Spatial Hadamard encoding is a multiplexing scheme that
affords a higher SNR per unit time compared to conventional
sequentially detected MRFM.?* For sensitivity-limited mea-
surements it significantly reduces the measurement time if the
same SNR is to be achieved.’®?’ Here we show that spatial
Hadamard encoding with a single-sided readout waveform
allows quadrature detection of the cantilever oscillation. The
resulting scheme yields the same spatial resolution as obtained
for a Hadamard-N encoding but with only half the encoding
steps.

In order to introduce this feature, we evaluate the
point spread function of a single-sided readout waveform.
Figure 3(a) shows the time evolution of the M, magnetization
during a sawtooth excitation, as a function of the Larmor
frequency (encoding the spatial position) and the time.
This corresponds to the step function F, o« M, [shown in
Fig. 3(b)], which is the time-dependent force of spins with
Larmor frequency w. During the MRFM detection, the lock-in
amplifier mixes down the signal with a cos(wc.?) and a
sin(wcant) reference signal, with the cantilever eigenfrequency
Wean- This then leads to the detected cantilever audio signal
S, &« F,(w,t)explig(w)], with the phase ¢(w) = Tw/Aw;s
and Awyt is the excitation bandwidth. For an encoding scheme
within 2N slices, the phase difference between neighboring
slices is Ap = /(2N). The signals from two slices at
positions n and N + n will differ in phase by 90° and will be
detected in the two quadrature channels, doubling the number
of slices that can be detected in the same time.
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FIG. 2. Pulse sequences for mechanically detected chemical-shift imaging. For spectral encoding and Fourier spatial encoding the gradient
is in the “off” position; otherwise, it is “on.” The F*°S experiment (a), consists of a #; evolution time combined with a magic echo®* for

homonuclear dipolar decoupling. (b) The encoding schematically depicts the FP*Hy'~ H,}

7" experiment and turns into the Hy - H,}. experiment

q q

if the “rotating-frame x encoding” is omitted. Hyperbolic secant pulses are used to accomplish the Hadamard encoding, which is applied only
to a selected region of interest. A polarization cycle is applied in the Hy ® dimension to remove experimental artifacts.

III. EXPERIMENTAL PROCEDURE

The experiments were performed with a home-built MRFM
spectrometer and probe in high vacuum (1073 mbar) at
room temperature and in a 5.87-T wide-bore standard NMR
magnet.'>3" The probe is based on a sample-on-cantilever
design with the oscillation in the direction of the main
field By. A FeCo cylinder (300-um diameter, By, = 2.3 T)

@ o (b)
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0 Aot

Larmor Frequency () —)-

was used as the gradient source. In the preparation period
a prepulse was applied far off-resonance from the readout
frequency in order to minimize transients caused by cantilever
electromagnetic heating. During the chemical-shift encoding
this readout gradient was flipped away by a sheer piezo
(Physikinstrumente), which can drive the gradient source up to
2 mm away from the sample position.'® The phantom sample
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FIG. 3. (Color online) (a) Idealized frequency-dependent M, magnetization obtained with single-sided excitation over one cantilever period
T.. The magnetization oriented parallel to the external magnetic field is shown in red; antiparallel magnetization, in blue. (b) Time-dependent
force profile of the magnetization for spins with Larmor frequencies w; and w,. In the MRFM detection process the resulting step function is
projected onto the functions cos(weun?) and sin(weant ), which yields a phase shift of 180° between the two ends of the excitation bandwidth.
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for the 2D measurements F**S and Hy" H,;, consisted of one
MgF, and two KPF single crystals. The KPFg crystals were
glued on top of the MgF, placed on a commercially available
silicon-nitride cantilever (k = 10 mN/m, Q ~ 8k, vean =
890 Hz) (Veeco Probes). For the 3D experiment F*P* H," H, ;f;,
a MgF, crystal and a KPF¢ crystal were glued onto a
custom-made silicon cantilever’! (k = 0.42 mN/m, Q ~ 5k,
Vean = 1080 Hz). The 1f field was generated by a 4.5-turn coil
with a 200-pm inner diameter for the 2D and a 3.5-turn coil
with a 100-pum inner diameter for the 3D experiment. The
100-pm coil was used as gradient coil for the x encoding.?®
The fluorine chemical-shift scale was referenced to the KPFg
peak at —65 ppm.*?

IV. RESULTS AND DISCUSSION

In order to demonstrate the features of CSI, a sample
consisting of two single crystals, MgF, and KPFg, was
fabricated. A piece of KPFg crystal was glued on top of a
smaller piece of MgF,. The FT-CSI 1D spectra F*°S of

(a) FS
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(c)

KPFs
MgF,

= Reference
¥
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the phantom sample are shown in Fig. 4(a). The resulting
chemical-shift dimension features two well-resolved lines
from the two distinct '°F species in the sample. From the
2D data, a 1D image with chemical-shift contrast (encoded
by color) was constructed by integrating, over the respective
peaks assigned to KPFg and MgF, [shown in Fig. 4(a) in red
and green]. The data were recorded with the pulse sequence
shown in Fig. 2(a). Due to the slow 7| relaxation the interscan
delay had to be set to 1 min, leading to a total measurement
time of about 20 h. In the sample region farther away from
the gradient source, only MgF, is present, which gives rise
to the broader peak in the spectrum, while closer to the
gradient source, in accordance with the sample preparation,
the KPFg region is found, leading to the narrower line.
The remaining inhomogeneity of the magnetic field, when
the gradient is in the “off” position, was determined from
the z-position dependence of the KPF¢ peaks to be 1.4 +
0.1 kHz/MHz at the sample position. The spectra in Fig. 4(a)
were corrected for this position-dependent shift by applying a
shearing transformation.

(b) HsspeH4qspa

signal (a.u.)

H,*PeS / FPes

A

o * A
70 80 90 100 110 120
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signal (a.u.)

FIG. 4. (Color online) (a) Thirty-seven localized fluorine chemical-shift spectra (F**¢S) of the phantom sample. The MgF, and KPFg

peaks are virtually separated in both the spatial and the spectral dimensions. The KPF¢ peak has a narrower linewidth due to the smaller
dipolar coupling. The red and green areas at the right represent integrals over the chemical-shift range of MgF, and KPF, respectively. (b)
Hadamard-CSI spectrum Hy™ Hfga of the same sample. Trigonometric interpolations of the eight spectral points were applied. (¢) Chemical-shift
resolved spatial 1D '°F image stpenga of the phantom sample containing KPF¢ and MgF, crystals. The blue line represents the '°F spin
density from a 1D Hj};a reference experiment. The red and green lines represent the spin density corresponding to the MgF, and KPF signals.
(d) Comparison of the chemical-shift selective images obtained in a H,™S and F*™S experiment. The acquisition scheme differs only in
the chemical-shift dimension. The KPFg is represented in green and blue and the MgF, signal in red and magenta for the H,™S and F*°S
experiments, respectively.
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The Hadamard-CSI 1D spectra of the same phantom sample
are shown in Fig. 4(b). The Hy™ H,;" experiment was recorded
with the pulse sequence shown in Fig. 2(b) within 8 h. A
resolution of 15 kHz was used with the spectral Hadamard-8
encoding. The results of the Hadamard-CSI and FT-CSI
experiments are well reproduced. Compared to Fig. 4(a),
the MgF, peak is significantly broader and less intense in
the Hadamard-CSI in Fig. 4(b), because no homonuclear
decoupling with the magic echo scheme can be applied.

As discussed in Sec. II, we may record a chemical-shift
filtered image in a much shorter time by applying a Hadamard-
2 encoding sequence. Using the pulse sequence of Fig. 2(b),
an image was recorded without rotating-frame encoding.
Figure 4(c) shows the results of the Hadamard-2 contrast
experiment H,™ H,y", with both signals cleanly separated by
the Hadamard encoding. Using this approach the measurement
time for the chemical-shift contrast image could be greatly
reduced, to only 2 h.

In Fig. 4(d) the chemical-shift contrast images obtained
using F*PS (blue and magenta) and H,™S schemes (green
and red) are compared. The shift-selective images obtained by
the two methods are in excellent agreement. The signals are
scaled such that the KPFg crystals have the same maximum
intensities. Even small features like the dip in the middle of
the KPF¢ crystal are well reproduced in both experiments.
The MgF, signal in the F*P°S image is stronger than in the
Hadamard image. We believe that this is because the inversion
sweeps used in the Hadamard-2 is less efficient for MgF,
than for KPF¢—as a result of the stronger dipole coupling—
explaining the reduction in signal amplitude.

To extend the 1D Hadamard-CSI experiments (2D data),
a 3D experiment F Sp‘G‘HSSpeHgsga, containing a 2D spatial
image and a chemical-shift dimension, was performed using a
different phantom sample but with the same two compounds,
KPFs and MgF,. The planes in Fig. 5(a) represent the eight

20 40
X-position (um)
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spectral slices and show the spatial distribution within a
slice. Conversely, for each spatial grid point a chemical-shift
spectrum with a resolution of 15 kHz (64 ppm) is represented.
Figure 5(a) shows that the sample again consisted of two
spectrally separated peaks. The two peaks have different
spatial distributions, corresponding to the different sample
positions. The MgF, crystal (lower chemical shift) is smaller
and, furthermore, shows a lower signal intensity due to the
smaller crystal size and the larger linewidth (see also Fig. 4).
The measurement time for the entire 3D image was 2 days
7 h, which was again mainly determined by the interscan
delay of 60 s needed because of the slow relaxation of this
particular sample. The measurement time will scale linearly
with a shortened relaxation time, e.g., by paramagnetic doping.
Due to the combination of spectral Hadamard, rotating-
frame Fourier and quadrature-detected Hadamard encoding all
dimensions benefited from multiplexing. No additional signal
averaging was needed.’?3*

As before, knowing the spectrum, a Hadamard-2 scheme
can be used in the chemical-shift dimension to obtain a 2D
spatial image with chemical contrast (3D F*P*H,™ Hy,"). The
resulting images of KPFg and MgF, (green and red) are shown
in Fig. 5(b). The measurement time for this data set was 14 h.
Figure 5 clearly shows that the two crystals used had different
shapes and sizes. The smaller MgF, crystal sat on top of the
KPF; crystal and this crystal was significantly smaller.

Finally, the images shown in Fig. 4 have a spatial resolution
for the FT-CSI and spatial 1D Hadamard-CSI experiments of
1-3 pum in the z direction. This resolution was chosen in
order to limit the measurement time for imaging the roughly
60-pum-sized object. The spatial resolution in the z direction
of these experiments could easily be reduced to under 1 um
by choosing smaller readout widths. The z resolution of the
smaller phantom sample in the spatial 2D Hadamard-CSI
experiment shown in Fig. 5 was 600—800 nm. The resolution
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FIG. 5. (Color online) () 3D image F**Hg"™ Hy," of a sample containing KPFs and MgF,, with a 1D spectral dimension combined with a
spatial 2D '°F image. The planes represent the eight spectral slices and show the spatial distribution within a slice. The intensities of the planes
are projected along each spatial dimension. Projections were trigonometrically interpolated to 16 points. Intensities of the spectral planes as
well as of the projections are plotted with a logarithmic color scaling. (b) Chemical-shift resolved spatial 2D "°F image F**H,™ Hg" of the
same sample. The red and green contour lines represent the spin density in the spectral range located up to 50 kHz to each side of the carrier
frequency, allowing discrimination of MgF, (red) and KPFg (green) signals. The z position is referenced to the distance from the gradient

source.
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along the x dimension was 3.2-4.4 um, which was limited by
the rf gradient strength produced by our coil.

V. CONCLUSION

We have shown that the chemical shift can be used for
MRFM CSI as well as for image contrast in nanoscale MRI
images. As a significant extension of an earlier study,'®
examples presented here involve not only 1D but also 2D
spatial images, with the option to be extended to 3D spatial
images by adding a second gradient coil perpendicular to the
main B field and the first coil.

Both Fourier encoding and the newly introduced Hadamard
encoding schemes have been used in the spectral dimensions
and have been shown to be effective. Hadamard and Fourier
encoding both benefit from multiplexing and therefore have,
for identical spectra with the same resolution, the same SNR
per unit time. The FT-CSI experiment can be combined with
homonuclear spin decoupling (e.g., magic-echo sequences)
and leads to narrower resonance lines in the case of a dipole-
limited linewidth. Due to the capacity to tailor them to known
spectra, Hadamard encoding is particularly advantageous for
spectra with a few resonances and spectra with many empty
intervals.?¢

The experiments described not only introduce multiplexing
schemes for all dimensions—in contrast to earlier schemes—
but also introduce quadrature-detected spatial Hadamard
encoding, which allows further cutting of the measurement
time, in half, in analogy with quadrature detection in NMR
spectroscopy,”>° and can be useful for multidimensional
experiments. The measurement times could be shortened
significantly if the 7; relaxation times could be shortened,
which may be the case for other samples or could be achieved
by paramagnetic doping.

PHYSICAL REVIEW B 84, 104435 (2011)

The resolution of our images is of the order of hundreds of
nanometers. We are clearly in a regime where the observation
of Zeeman magnetization is much more sensitive than the
statistical polarization which was used for the observation
of very highly resolved pictures at cryogenic temperatures.'!
While our resolution could be improved using higher By and B
field gradients, the reduction of the voxel size to 10 nm seems,
for sensitivity reasons, realistic only at cryogenic temperatures.
Some of the principles, in particular, quadrature detection,
could, however, also be applied in the context of working with
statistical polarization and at low temperatures.

APPENDIX: HADAMARD MATRICES
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