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Magnetic Double Resonance in Force Microscopy
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Magnetic-resonance force microscopy is combined with cross-polarization and spin-decoupling NMR
techniques to obtain double-resonance NMR signals of micrometer-scaled objects. The effective one-
dimensional spatial resolution obtained in our experiments performed on a KPF¢ single crystal sample is
~0.5 um. The spectral linewidth of 900 Hz is sample limited. The described double-resonance
techniques can introduce new chemical specificity to the magnetic-force sensor.
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Conventional localized magnetic-resonance spectros-
copy combines magnetic-resonance imaging techniques
with magnetic-resonance spectroscopy (NMR). The
method is noninvasive and can physicochemically charac-
terize materials with a spatial resolution down to roughly a
hundred micrometers. The limit to spatial resolution is
given by the detection sensitivity and the magnitude of
the field gradient: using inductive methods, the number of
spins in a volume element should exceed 10'? for single-
resonance and more for double-resonance spectroscopy.
Recently, it has been demonstrated that magnetic-
resonance force detection (MRFM) [1-3] can be combined
with NMR spectroscopy to extend localized spectroscopy
of solid materials to the micrometer and nanometer scale
[4]. While these experiments were limited to one spectral
and spatial dimension only, extension to three spatial di-
mensions [2,5] and to more spectral dimensions [6—8] is
obvious. The sensitivity limits for MRFM of nuclear spins
are still being explored, but as few as 108 nuclear spins (10*
net spins) have been detected at low temperature [9]. To
spatially resolve two volume elements, the difference in
resonance frequency induced by the field gradient must
exceed the spectral line width. Field gradients in MRFM
can exceed 10° T/m and allow for nanometer spatial reso-
Iution even in compounds with inherently broad NMR
lines [10].

The setup for nanoscale localized spectroscopy follows
the general scheme of multidimensional NMR spectros-
copy [8]. The spectral information is sampled in an indirect
dimension point by point. The direct dimension contains
spatial information, namely, slice selection and signal in-
tensity are proportional to the number of spins in the slice.
The slice geometry is given by the position and shape of the
gradient magnet, and the slice thickness can be chosen by
the depth of the adiabatic modulation during mechanical
readout. Would it not be for the large field gradient needed
for sensitive force detection, the wide range of solid-state
NMR techniques available today could directly be applied
in the indirect dimensions of the MRFM experiment. The
presence of the gradient still interferes with spectral reso-
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lution in many cases, but dipolar spectroscopy at high
resolution has been demonstrated [4] and quadrupolar
interactions have also been used for chemical specificity
in the context of nutation spectroscopy [11].

Double- and multiple-resonance spectroscopy is a key
technology in modern NMR spectroscopy [8] and is of
great importance, in particular, in cases where the spectral
resolution is limited. It is not only possible to use the spec-
tral parameters of both spin types for chemical character-
ization of the sample but, in addition, the atomic connec-
tivities and interatomic distances can be probed using
heteronuclear correlation spectroscopy [8] (HETCOR). In
this Letter we demonstrate MDRFM (magnetic double-
resonance in force microscopy) with two basic double-
resonance experiments using a home-built magnetic-
resonance force microscope [see Fig. 1]: Hartmann-Hahn
cross polarization (CP) [12,13], leading to polarization
transfer between two spin species, and spin decoupling,
leading to line narrowing due to the averaging of the
heteronuclear spin-spin interactions. Cross polarization in
the rotating frame [12,14] is regularly used in NMR to
enhance the spin polarization of nuclei with low magneto-
gyric ratio and for HETCOR experiments. The transfer of
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FIG. 1 (color online). (a) Experimental setup: The MDRFM
probe assembly operates in a 89 mm-bore NMR magnet. A small
iron cylinder is placed close to a micron-sized KPFq sample,
which is glued onto a cantilever tip. The 4 turn, 200 pwm inner
diameter coil was made of 50 um thick copper wire. (b) Radio
frequency scheme: The rf pulses for the two channels are
generated separately, fed through a power combiner, and ampli-
fied. The rf circuit is broadband (see text).
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polarization between two nuclear spin species is accom-
plished by the simultaneous irradiation with two resonant
rf fields. Decoupling techniques are widely used for nar-
rowing resonance lines [15].

The experiments were performed on a set of two KPFg
crystals with dimensions of 80 X 40 X 45 um? and 60 X
30 X 45 um?® glued to the tip of a commercially available
silicon nitrite cantilever (Veeco Instruments, k =
0.01 N/m, f. = 841 Hz, and Q = 11 000). The total sam-
ple consists of 7.2 X 10 1°F and 1.2 X 10" 3'P spins,
respectively. In our setup [Fig. 1(a)], we adapted a sample-
on-cantilever design as described by Rugar et al. [16].

The MDRFM probe operated at room temperature and at
~1073 mbar fits into a widebore 5.87 T NMR magnet
(Oxford). We use an iron cylinder as the gradient source
(0.5 mm diameter, 10 mm length, B, = 1.75 T) which
can be positioned close to the sample by means of a home-
built x, y, z-piezo system. The cantilever vibration is de-
tected with a deflected laser beam and analyzed using a
position-sensitive photodiode connected to a lock-in
amplifier (SR830, Stanford Research). Feedback control
is applied to an additional piezo attached to the base of
the cantilever which increases the bandwidth and keeps
the cantilever damping time acceptably low [17,18].
Figure 1(b) shows the MRFM spectrometer scheme used
in the double-resonance experiments. The tf pulses of the
3IP channel (chl) are generated by an arbitrary waveform
generator (NI-5411, National Instruments) and mixed with
the intermediate frequency of a PTS-300 rf synthesizer
(Programmed Test Sources, Inc.). The rf of the '°F channel
(ch2) is generated by a second synthesizer and fed into a
home-built quadrature phase shifter. Both *'P and '°F rf
signals, gated by the pulse program, are fed into a power
combiner (PSC2-1, Minicircuit) and amplified by a single
Blax1000 (Bruker BioSpin) power stage. Semirigid coax-
ial lines (50 €)) are used to transmit the rf pulses to the rf
circuit of the MDRFM probe and a 50 () external load. The
rf circuit with a 56 pF series matching capacitor is broad-
band enough to support both rf frequencies, wf/27 =
256 MHz and f /27 = 109 MHz.

Figure 2(a) shows the MDRFM radio frequency
scheme. The thermal polarization of the !°F nuclei is
transferred to the *'P nuclei using a Hartmann-Hahn ex-
periment with an additional rf-amplitude sweep of the 3'P
channel [19]. Efficient transfer requires that the Hartmann-
Hahn condition wfy; = wf; is fulfilled, where of; =
(@) + (QF)2, and wf; = /(?)? + (QF)2. The reso-
nance offsets QF and QF denote the frequency differences
between the rf-irradiation frequencies ', % and the
Larmor frequencies w§ = —ygBj, @5 = —vypB, respec-
tively, and ! and ! describe the respective rf-field
amplitudes (in units of angular frequency). NMR experi-
ments in homogeneous magnetic field are best performed
with on-resonance irradiation (QF = QF = 0). As a con-
sequence of the strong field gradient in the MRFM experi-
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FIG. 2 (color online). (a) MDRFM-CP pulse scheme in KPFg:
an amplitude modulation on the 3'P channel is used during the
polarization transfer step (CP contact time). After the CP step the
3P tf amplitude is swept down to ~15 kHz for the adiabatic
inversion cycle for detection. The phase cycle eliminates the
disturbance from rf-cantilever couplings. (b) CP matching pro-
files in KPF4 at wf/ 27 = 50 kHz for the MDRFM-CP experi-
ment and a conventional NMR-CP experiment performed in at a
magnetic field of 11.75 T. The MDRFM-CP contact time was
10 ms in both cases. Two-hundred experimental cycles were
averaged for the MDRFM in order to achieve a signal-to-noise
ratio of ~6 (measurement time ~40 min per point) [23].
(c) "F—3'P CP efficiency depending on the 3'P resonance
offset recorded in a conventional NMR-CP experiment. The '°F
offset was larger by the ratio of the magnetogyrotic ratios to
simulate the offset encountered in the MDRFM experiment
[QF = (yp/yp)QF, 0f/27 =50 kHz and /27 = 50 kHz,
and Aw? = 3.5 kHz]. (d) CP buildup curve of the *'P magne-
tization signal in KPF, in an MDRFM experiment (wf/27 =
50 kHz and wlf/277' =50 kHz and Aw] = 3.5 kHz) and in a
conventional on-resonance NMR experiment (o} /27 = 50 kHz
and wf /27 = 50 kHz).

ment, the on-resonance condition can be satisfied only in a
central slice where the resonance offsets QF and QF are
both close to zero (vide infra). The offsets are related by the
ratio of the magnetogyric ratios, QF = (yg/yp)QF.
Efficient polarization transfer occurs as long as @l —
% is smaller than the !°F linewidth. Because of the free
rotation of the PF; groups in the crystal, all intragroup
dipolar interactions are averaged to zero and the second
moment of the fluorine resonance is relatively small
(v/M, = 4.1 kHz) [20]. This offset effect limits the sensi-
tive slice to a fraction of a wm in the present experiments
and leads to a signal-to-noise ratio barely detectable in the
present setup. It should be noted that, for systems with
larger dipolar interactions, the sensitive slice would be cor-
respondingly thicker. The most efficient scheme to ex-
perimentally broaden the sensitive slice is the applica-
tion of a frequency sweep to both rf channels such that
the rf-irradiation frequency during the CP pulses is
given by wf(1) = (t/7cp — 1/2)AQF + 0 and of; =
(ve/yp)wh, where 7cp is the CP contact time and AQF
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characterizes the width of the frequency ramp. For such an
irradiation scheme, each resonance slice within the range
0§ — AQF/2 and wf + AQF/2 passes through the exact
Hartmann-Hahn condition at some time during the fre-
quency sweep. Our present setup does, however, support
only a fixed rf-irradiation frequency on the '°F channel.
Therefore, we have resorted to an alternative scheme to
broaden the Hartmann-Hahn condition. Keeping the rf
frequencies on both channels fixed, we have modulated
the rf amplitude on the 3'P channel, ¥, in a linear ramp
with variation Aw? and average amplitude w!: () =
(t/7cp — 1/2)A@? + w¥. This scheme also leads to a
sequential match of resonance slices during the ramp. In
contrast to the frequency modulation scheme where the
size of the heteronuclear coupling element b responsible
for transfer is identical for all resonance slices, the ampli-
tude variation leads to an offset-dependent effective cou-
pling element of by = bQFQP /0l wP; = b. This varia-
tion is caused by the fact that the two effective fields are
oriented at an angle at the Hartmann-Hahn matching
condition.

In all CP experiments described here, the '°F spins were
locked in the rotating frame by a rf field of amplitude
% /27 = 50 kHz, while on the 3'P channel a linear am-
plitude ramp with w% /27 = 50 kHz and Aw! = 3.5 kHz
was used for polarization transfer [21]. MRFM detection
employed adiabatic inversion cycles with a triangular fre-
quency modulation with a depth of 150 kHz, an amplitude
of w¥/2m = 15kHz, and a cycle time adjusted to the
inverse of the cantilever eigenfrequency (841 Hz). To
transfer the magnetization present at the end of the CP
period to the detection period, a linear amplitude ramp was
employed. With a field gradient of 2.6 X 10° T/m a read-
out detection-slice thickness of 3.5 wm is obtained. Before
each experiment, the 3P spins were irradiated 300 kHz off
resonance. This irradiation does not significantly affect the
spins but has approximately the same dielectric heating
effect on the cantilever as on-resonance irradiation and,
therefore, avoids a strong step response of the cantilever to
the CP rf pulse train which would interfere with signal
detection.

Figure 2(b) shows the MDRFM-CP matching profile
(transferred polarization as a function of the difference in
rf-field amplitude) in KPFs. The maximum of the curve
corresponds to the Hartmann-Hahn condition. For com-
parison, a CP matching profile was recorded with conven-
tional NMR in a homogeneous field By, = 11.75 T with a
Varian Infinity 500 NMR spectrometer using a CP contact
time 7cp = 10 ms. The width of the matching profile is
similar in both cases and depends on the depth of the
amplitude sweep, Aw?. Note that all intramolecular
YF-19F and 3'P-"°F dipolar interactions are averaged to
zero due to the rotation of the PF, group, leading to a
rather narrow matching profile. As discussed above, the
strong field gradient of the MRFM experiments allows

only spins in the center of the selected readout slice to be
on resonance and to have efficient polarization transfer. To
estimate the width of the sensitive slice, a series of con-
ventional CP experiments was recorded. At constant, ho-
mogeneous By field, the CP transfer efficiency was mea-
sured as function of the resonance offset QF, while QF was
varied accordingly to ensure QF = (yg/vp)QF. The range
of offsets covered corresponds to the readout slice in
MDRFM detection. The results in Fig. 2(c) indicate that,
outside a slice of thickness ~22 kHz, polarization transfer
becomes very inefficient. Therefore, we can estimate the
effective MDRFM-CP detection slice to be 0.5 pum thick
and to contain about 4 X 102 3'P spins. The '°F — 3!P CP
buildup curve at ! /27 = 50 kHz is shown in Fig. 2(d).
The MDRFM polarization buildup rate is somewhat slower
than in the conventional NMR experiment, due to the
scaling of the effective dipolar interaction b (note that
the MDRFM-CP buildup is a superposition of CP transfer
curves from spin packets with different resonance offset)
[22].

In a second set of experiments the 3!P spectral linewidth
under "°F decoupling conditions was investigated with an
MRFM-detected Hahn echo [4]. Figure 3(b) shows the
MRFM and NMR 3!'P spectra with '°F decoupling by a
180° refocusing pulse on the 3'P channel.

The MRFM spin-echo spectrum has a linewidth of
~1.4 kHz [full width at half height (FWHH)], comparable
to the ~1.2 kHz obtained in the conventional spin-echo
NMR spectrum. The conventional single-pulse spec-
trum without decoupling has a FWHH of ~2.9 kHz. This
shows that a partial line narrowing can be achieved by the
spin-echo experiment which refocuses heteronuclear di-
polar couplings as well as B field inhomogeneity, 3'P
chemical-shift dispersion, and bulk susceptibility effects.
It is, however, known that decoupling by a 180° pulse is
not very efficient in the presence of homonuclear '°F-1°F
interactions [15]. Further line narrowing can, therefore, be
achieved by continuous wave '°F decoupling as shown in
Fig. 3(c). Here, the spin-echo MDRFM 3'P spectrum
shows a linewidth of ~900 Hz. Further narrowing is ob-
served when the spin echo is combined with CW decou-
pling where a FWHH ~ 820 Hz is found. The relatively
modest improvement of CW decoupling over Hahn-echo
decoupling is explained by the small size and particular
form of the interaction in the presence of molecular motion
[20].

In summary, we have shown that nuclear double-
resonance experiments in a high magnetic field gradient
can be successfully performed in combination with
magnetic-resonance force detection. MDRFM cross-
polarization and heteronuclear decoupling schemes are
described. The advantage of the force-detection technique
is its high sensitivity combined with the inherently high
spatial resolution. The present experiments produce
double-resonance spectra from 10'? to 10'® spins at room
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FIG. 3 (color online). 3!'P spectra with and without '°F decou-
pling. The MDRFM experiments are performed on a set of two
KPF¢ single crystals, the conventional NMR experiments on
KPFy powder. (a) MDRFM decoupling pulse scheme.
(b) Spectra without '°F irradiation. The MRFM 3'P Hahn-echo
spectrum has a FWHH ~ 1.4 kHz comparable to the conven-
tional Hahn-echo NMR spectrum (FWHH ~ 1.2 kHz) and nar-
rower than the conventional one-pulse NMR spectrum
(FWHH ~ 2.9 kHz). (c) Spectra with 80 kHz '°F cw irradiation.
The MDRFM narrows to a FWHH ~ 900 Hz, comparable to the
conventional Hahn-echo NMR spectrum (FWHH ~ 820 Hz) and
narrower than the one-pulse spectrum (FWHH ~ 1.1 kHz).

temperature, but further sensitivity improvements are real-
istic. MDRFM opens new avenues by adding chemical
specificity to the MRFM method with the possibility to
interrogate nuclei of low magnetogyric ratio and to imple-
ment heteronuclear correlation spectroscopy. The full po-
tential of the method will unfold when chemical-shift
resolution can be introduced because the low-gamma nu-
clei often show a large chemical-shift dispersion and often
also high spectral resolution.
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The fitted CP buildup times are 0.39 and 1.1 ms for the
NMR case and MDRFM case, respectively.

TP =178, Tfp =47s (at o¥/27 =73 kHz), T} =
6.07 s, Tle =55 (at wf/27 = 6 kHz), Tfp(MRFM) =
T’fp(MRFM) =25s.



