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Magnetic resonance force microscopy is combined with spin-echo spectroscopy to obtain spatially and
spectrally resolved NMR signals of micrometer-scale objects. The experimental spatial resolution for the
demonstration experiment on a sample consisting of Ba(ClO3), - H,O and (NH,),SO, single crystals is
3.4 um. The spectral resolution of 3.4 kHz is sample limited. Improvements in resolution and extensions
of the method to more than one spatial dimension and to multidimensional spectroscopy are possible.
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Nuclear magnetic resonance (NMR) and magnetic reso-
nance imaging (MRI) are powerful structural diagnostics
and imaging tools in medicine, biology, chemistry, mate-
rial sciences, and physics [1]. NMR investigates the local
spin interactions of the sample in a homogeneous magnetic
field and allows molecular structure determination with
Angstrom precision. MRI introduces (pulsed) magnetic
field gradients to record a spatial image of the spin density.
Localized spectroscopy combines spatial and spectral di-
mensions to obtain the NMR spectrum for each volume
element of the sample and adds superb chemical contrast to
imaging. The work described in the following extends local
spectroscopy of spin-1/2 nuclei in solids to the micrometer
scale.

The applicability of NMR and MRI to microscale
samples is restricted by the low sensitivity of the conven-
tional Faraday detection method and the availability of
strong magnetic field gradients. An alternative approach
to observe the polarization from a small number of spins,
down to a single electron spin [2], measures the magnetic
moment as a force exerted on the sample in a magnetic
field gradient. Sidles and co-workers [3,4] coined this
concept into the magnetic resonance force microscope
(MRFM) constituting a promising next-generation mag-
netic resonance detection device. In MRFM the sample or a
small magnet attached to a micromechanical oscillator is
driven by a cyclic modulation of the spin magnetization at
resonance by suitable radio-frequency (rf) irradiation
schemes. In addition to a gain in sensitivity, the large
inhomogeneous field produced by the gradient magnet up
to values exceeding 10° T/m allows us to perform mag-
netic resonance imaging with submicron spatial resolution
even in the presence of broad resonance lines [2,5].

The large field gradient is, however, detrimental for
high-resolution magnetic resonance applications [6].
Several strategies have been presented to circumvent this
problem: force detection in a homogeneous field has been
demonstrated for electron paramagnetic resonance by mea-
suring the mechanical torque on a sample by transfer of
spin angular momentum [7]. Another approach is the
Boomerang experiment [8], where a carefully selected
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assembly of ferromagnetic elements allows for a homoge-
neous field at the sample position, yet it is still possible to
produce a net force on the mechanical oscillator. For ex-
ploring quadrupolar nuclei, MRFM-detected nutation
spectroscopy has been introduced [9].

In this Letter we describe the recording of gradient-free
NMR spectra with the unprecedented imaging resolution
of magnetic resonance force microscopy. The approach
presented is applicable if the NMR spectrum is dominated
by spin-spin (homonuclear and heteronuclear dipole and J
couplings) or quadrupole interactions. In this case, a Hahn
spin echo in the indirectly sampled spectral dimension
exclusively refocuses the effect of the static field gradient
[10-13]. The method is related to the work of Verhagen on
quadrupolar nuclei [9] and is, in some respects, reminis-
cent of separated-local field spectroscopy [14]. In the
following, we concentrate on spin-1/2 ensembles whose
spectral line shape is dominated by dipole interactions
among like spins as often encountered for high-y nuclei
in solids.

MREFM spin-echo experiments have been performed on
a Ba(ClO3), - H,O single crystal, where the two protons
within a water molecule give rise to a distinct doublet
with an orientation dependent splitting of wy/27 = 44 X
(3cos?B — 1) kHz [15,16]. The measured coherence decay
in the local field and the associated spectrum are shown in
Fig. 1. The gradient-broadened decay [or free induction
decay (FID in Fig. 1)] and spectrum in the absence of the
echo pulse are also displayed. This spectrum reflects the
width of the sensitive slice (200 kHz) for detection and is
almost 2 orders of magnitude wider than the sharp dipole
lines of ~3.4 kHz easily distinguished in the echo spec-
trum. A comparison of the echo spectrum with the con-
ventional inductive NMR spectrum recorded at 220 MHz
and with the calculated second moment according to the
crystal structure suggests that the residual line broadening
is intrinsic rather than caused by an incomplete refocusing
of the gradient inhomogeneity.

Figures 2(a) and 2(b) depict the applied rf protocol.
During the evolution period ¢, the spin coherence prepared
by the first 77/2 pulse evolves under the influence of all
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FIG. 1 (color online). (a) MRFM-detected coherence decay of
~10' proton spins in a Ba(ClO3), - H,O single crystal with and
without a Hahn spin echo (2 transients, total experimental time
50 min), using the 1f scheme described in Fig. 2. Only the real
part of the complex magnetization was measured [27]. The solid
line corresponds to a fit with a cosine of 19.6 kHz multiplied by a
Gaussian decay (o = 111 us). (b) Experimental spectra ob-
tained by a Fourier transform. The gradient-broadened result is
well explained by a simulation [dashed lines in (a) and (b)] that
takes finite pulse lengths and the efficiency of cantilever excita-
tion by the applied magnetization modulation scheme into
account. The experimental spectrum employing the Hahn echo
shows a clearly resolved dipolar splitting. The best fit by a
Gaussian line is shown by a solid line. (c) NMR result of a
mm-sized single crystal at an orientation which produces the
same dipolar line splitting. The broader linewidth, compared
with (b), can be caused by a different crystal orientation (polar
angle ¢) and/or a mosaic disorder of the large crystal.

terms of the internal spin Hamiltonian [17] and of the
external field gradient. A second 77/2 pulse at the end of
the evolution period converts the spin coherence back to
M, magnetization, which is adiabatically modulated dur-
ing f,q for MRFM readout. The spin-echo 7 pulse, when
applied exactly at t,/2, selectively refocuses the effect of
the external field gradient [13]. Because the MRFM read-
out samples the echo peak amplitude for a series of #; a
dipolar spectrum free of inhomogeneity broadening is
obtained after Fourier transform with respect to ¢,.
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FIG. 2 (color online). (a) Pulse-timing diagram employed in
our experiments. Pulses are given as (flip angle)yp,se. rf-field
strengths were w, /27 ~ 210 kHz (1.2 us /2 pulse width) and
~15 kHz for pulsing and cyclic adiabatic inversion, respectively.
A 0.5 s off-resonance ( — 400 kHz) irradiation prior to the
experiment and a two-step phase cycle (indicated by {}) elimi-
nated spurious rf-cantilever couplings. The repetition delay
between scans was 30 s [28]. The triangular frequency modula-
tion used for cyclic adiabatic inversion had a depth of 200 kHz in
all experiments, and its rate matched the cantilever eigenfre-
quency of typically 850 Hz. (b) Schematic drawing of the
cantilever oscillations and the detected output of the lock-in
amplifier (dashed line), which is then integrated over f,oq = 3 s.
(c) Experimental setup. A cylindrical iron magnet (B, ~
1.75 T) of 1 mm diameter ( < length) produced approximately
planar surfaces of constant field (sensitive slices, dashed shape)
perpendicular to the static field axis (By = 5.9 T, 250 MHz
proton frequency). The field gradient at d = 200 um was
dB./dz ~ 1’400 T/m. Typical cantilever parameters were k =
17 mN/m, f. = 850 Hz and Q = 10’000 (Q, = 20 with feed-
back). The 4 turn, 200 wm inner diameter coil was wound from
50 um thick copper wire.

Our MRFM setup [Fig. 2(c)] follows the sample-on-
cantilever design [4] and operates inside a standard wide-
bore NMR magnet at room temperature and under vacuum
conditions (p < 107> mbar) [18]. The sample was glued
with epoxy onto the cantilever tip (Veeco Instruments) and
brought near a gradient magnet much larger in size.
Motions were sensed by means of a deflected laser beam
[19] and analyzed by a lock-in amplifier (SR830, Stanford
Research). Feedback control applied to a piezo attached to
the lever’s base increased the bandwidth and kept the
damping time acceptably low [20]. A broadband, imped-
ance matched rf circuit incorporating a solenoid coil pro-
duced the necessary field for pulsing and frequency
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modulation. rf pulses were prepared by an arbitrary wave-
form generator (NI-5411, National Instruments) followed
by a power amplifier stage (Blax1000, Bruker BioSpin)
[21]. A “‘gradient lock was implemented in order to
compensate for long-term drifts of the Larmor frequency,
caused by mechanical instabilities of the gradient source
positioning and temperature variations [22].

Spatially resolved force spectroscopy is demonstrated
on a phantom consisting of a pair of single crystals of
(NH,4),SO,4 and Ba(ClO3), - H,0, respectively. In contrast
to Ba(ClO;3), - H,O, the 30 kHz wide spectrum of
(NH,),S0O, is featureless (see below). A one-dimensional
(1D) MRFM image of the phantom along the z axis is
shown on the left side of Fig. 3. Spatial coordinates were
inferred from the Larmor frequency and the calculated
field distribution of the gradient magnet. Localized spec-
troscopy was performed at different positions of the phan-
tom, resulting in the echo decay curves and the corre-
sponding dipolar spectra plotted on the right. Three regions
can be identified: In A, only (NH,),SO, is present. The
spectrum shows a single broad line in accordance with the
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FIG. 3 (color online). Left: 1D 'H spin-density image along
the z axis of a sample consisting of a (NH,),SO, and a
Ba(ClOs), - H,O single crystal, mounted side-by-side on the
MRFM cantilever. Sample thickness was ~35 um and lateral
dimensions ~90 X 110um?, determined by an optical micro-
scope. Error bars are estimated from the difference to a subse-
quent control measurement. The high uncertainty at the sharp
upper edge can be attributed to the positional inaccuracy [22].
The spin-density scale is calibrated within a factor of ~1.4 as
described in Fig. 4. Right: Local spectra at three different
locations (4 transients each) as described in the text.

conventional NMR spectrum (not shown). Region C con-
sists of only Ba(ClO;), - H,O with a doublet splitting of
~19.5 kHz. The splitting differs from the one in Fig. 1
due to the different crystal orientation. B represents
the intermediate region, where both (NH,),SO, and
Ba(ClO;), - H,O are present. Spectrum B can be recon-
structed as a linear superposition of A and C, indicated by
the dashed spectrum.

The knowledge of the pure substance spectra allows us
to filter the spatial image with respect to the components. A
general scheme requires a spectrum at each spatial position
and yields a spin-density profile for each constituent (pro-
vided the spectra are not too similar). In the present simple
case, however, we take advantage of the different spin-echo
decay curves: for #; ~ 54 us, the (NH,),SO, signal has
completely dephased, while Ba(ClO3), - H,O exhibits a
negative signal with ~35% of the total intensity [cf.
Figure 3, right side]. An image recorded with this filter is
added on the left side of Fig. 4. The spin-density distribu-
tion for each substance (shown on the right) is easily
reconstructed by linear combination.

We have shown that—in spite of the large field gra-
dient—localized dipolar NMR spectroscopy is readily
implemented in magnetic resonance force microscopy.
The resulting spin-echo spectra have been used to obtain
concentration profiles of the constituent substances. The
spatial resolution is limited by the size of the field gradient
and detection sensitivity only and is no different than in
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FIG. 4 (color online). Direct and echo filtered image of the
phantom (left), and chemically selective image of (NH,),SO,
and Ba(Cl03), - H,O (right). The approximate 'H spin density,
proportional to the integrated intensity [29], was calibrated by
the sample’s mass (inferred from the motional mass of the
cantilever) and the filtered image of Ba(ClOs), - H,O. The
estimated absolute calibration in the spin-density scale is deter-
mined to within a factor of ~1.4.
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other MRFM experiments. In our case, however, on the
order of 100 data points in the spectral domain must be
recorded, increasing the measuring time and putting de-
mands on the long-time stability of the measurement setup.
The spectral resolution observed is sample limited.

Although this work concentrates on dipolar couplings,
the presented MRFM technique can be extended using
more sophisticated rf-preparation schemes. Heteronuclear
dipolar and J couplings can be studied by applying selec-
tive double-resonant rf pulses [23,24]. High-resolution
chemical-shift information can possibly be restored by
zero-quantum and total-coherence spectroscopy [25,26].
Using the inherent imaging capacity of MRFM, we plan
to extend localized spectroscopy with these methods to
obtain spatially resolved spectroscopic information and
chemical contrast on a wide class of microstructured and
nanostructured materials.
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