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We demonstrate the detection of picoliter amounts of water and triethylenetetramine by a magnetic-reso
nance-force-microscopy (MRFM) setup operated in the gradient-on-cantilever geometry at room temper-
ature. A magnetic field gradient is produced by a ferromagnetic SmCo particle glued to the tip of a
micromechanical resonator (cantilever). The liquids are enclosed in a micro-capillary to protect them

from the high vacuum environment needed for sensitive detection. We describe simple spectroscopic
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experiments as proton T; - relaxation, Rabi nutation curves and Hahn-echo measurements.
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1. Introduction

Magnetic resonance force microscopy (MRFM) is a method to
detect magnetic resonance signals by means of force detection
via a micromechanical resonator [1,2]. Compared to inductively
detected magnetic resonance, force detection is more sensitive
when decreasing the sample size to the low micrometer and down
to the nanometer range [3]. So far, MRFM was mainly performed
on solid samples. As an exception, Madsen et al. measured nuclear
magnetic resonance (NMR) on a 9 ul sample of water by force
detection in a homogeneous magnetic field [4].

An MRFM experiment is performed in a strong external mag-
netic field which aligns the spin magnetization of the sample
(attached typically to the tip of the cantilever) parallel to the exter-
nal magnetic field. The basic principle of force detection of mag-
netic resonance by MRFM is the interaction of the spin
magnetization with the gradient field produced by a nearby ferro-
magnetic particle. This interaction is mediated by a force propor-
tional to the magnetic moment of the spins and the field
gradient. The sign of this force depends on the alignment of the
spin magnetization parallel or antiparallel to the external magnetic
field and causes the cantilever to bend in either direction. Period-
ically inverting the spin magnetization at the mechanical can-
tilever eigenfrequency leads to a driven damped harmonic
oscillation of the cantilever whose amplitude can be detected by
laser beam deflection [5,6]. To obtain the necessary high Q factors
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for sensitive detection, the cantilever and sample are placed in
vacuum.

While for MRFM of solid samples the sample is often placed on
the cantilever and the gradient source is fixed with respect to the
laboratory frame (sample-on-cantilever design), this setup is diffi-
cult to realize for liquid samples. Because of the small dimensions
of the cantilever, a micron-sized vacuum protection chamber is
necessary that protects the liquid from the high vacuum. Suitable
vacuum sealed micro-containers are hard to produce and might
complicate the sample preparation. Therefore, the change from
the sample-on-cantilever to the gradient-on-cantilever geometry
simplifies the sample handling and allows the sample size not to
be restricted by the size of the cantilever. In the gradient-on-
cantilever geometry the ferromagnetic particle producing the mag-
netic gradient field is glued to the tip of the cantilever whereas the
sample is placed close to it. This design was first realized by Wago
et al. with the cantilever motion parallel to the external magnetic
field [7]. Unfortunately, the demonstrated design caused a severe
degradation of the cantilever’s quality factor inside the magnet
due to the restoring force acting on it. A solution to this problem
was introduced by Marohn et al. by applying the field in a direction
perpendicular to the direction of the cantilever motion (SPAM)
[8-10]. The interchange of the position of the magnetic particle
and the sample compared to the sample-on-cantilever geometry
leaves the detection principle unchanged.

We demonstrate the detection of two different liquids (water
and triethylenetetramine (TETA)) in the picoliter range (~10-60
picoliter) using the SPAM geometry. This is a significant reduction
in detectable sample amounts by about one to three orders of mag-
nitude compared to inductively detected techniques [11-13],
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where micro-coils and striplines are combined with micro-fluidics.
Methods based on optically detected NMR by using a nitrogen
vacancy in diamond as a sensor showed a detection of only 20 zep-
toliter in sample volume [14]. While this method is much more
sensitive, only sample volumes within less than 100 nm from the
sensor could be detected whereas our method addresses samples
at a distance of several micrometers.

In our test experiments the liquid samples are enclosed in
micro-capillaries to protect the liquids from the high vacuum envi-
ronment. T-inversion recovery, Hahn-echo and nutation experi-
ments are described in this work as proof of principle for
measuring the proton spin magnetization of the samples.

In the future, this may allow for the detection of small amounts
of liquids and liquid containing samples (i.e., a single biological cell
and compartments thereof, liquids inside a micropore) in the pico-
liter and the femtoliter range.

2. Experimental setup

In the presented work we operate our home-built MRFM setup
(at room temperature) in the gradient-on-cantilever geometry
(Fig. 1(a)) where we seal our (liquid) samples in quartz capillaries
(G-1 glass capillaries, Narishige Japan) that are pulled to an inner
diameter of about 20 pm and a wall thickness of about 5 um at
the tip (PC-10 dual-stage glass micropipette puller, Narishige
Japan), as shown in Fig. 1(b) and (c). A small amount of liquid is
injected into the capillary and spun down to the tip by a centrifuge.
For our experiments we used water and triethylenetetramine
(Sigma-Aldrich) as samples. The tip end of the capillary is closed
by melting the glass whereas the wide end is sealed by fast hard-
ening glue (Cementit Universal, merz + benteli ag). A nearby can-
tilever (Veeco Instruments, MLCT-NOHW) with a magnetic
particle (SmCo, ~40 pm x 40 pm x 80 um) glued to it (Fig. 1(d)
and (e)) probes the magnetic resonance of the sample inside the
micro-capillary by inverting the sample’s spins periodically
at the resonance frequency of the cantilever (f.i,~ 703 Hz,
Kean ~ 2.5 mN/m, Q ~ 5000) and therefore driving the cantilever
on resonance. The magnetic particle is placed at a distance of about
30 um from the sample. Originally, the magnetic particle was
unmagnetized. After gluing the particle to the tip of the cantilever
the cantilever was placed into the superconducting magnet
(external field By of 5.87 T) while the glue was hardening. The
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magnetization of the SmCo particle is then aligned with the exter-
nal magnetic field to minimize forces on the cantilever. The can-
tilever’s oscillation amplitude is measured by laser beam
deflection [6] and is proportional to the detected spin density
[15]. The laser is focused on the tip of the cantilever. The laser
beam is reflected onto a position sensitive four quadrant detector
(Hamamatsu, Si PIN photodiode S7479). Radio frequency (rf)
pulses for manipulation of the spins are achieved by using a
micro-coil made of a 50 um thick copper wire and wound by hand.
The micro-coil’s diameter is about 200 um. The experiment was
performed in a vacuum environment of about 10~ mbar generated
by a turbomolecular pump (Pfeiffer).

3. Results and discussion
3.1. One-dimensional experiments

The magnetic field at the sample’s position, Bsy, is the sum of
the external magnetic field By and the magnetic field produced by
the ferromagnetic particle leading to a Larmor frequency of g -
= —yBsum (7 is the gyromagnetic ratio of the spin species). Due to
the gradient of the magnetic field, the Larmor frequency within
the sample changes with position. A region of spins (the resonance
slice) can be chosen for detection by defining the carrier frequency
and the frequency width of the adiabatic radio frequency inversion
pulse during detection (Fig. 2) [16]. A 1D-scan (leading to the
sequential detection of a 1D “image”) of the sample is measured
by acquiring the signal from each resonance slice sequentially.
Multiplexed acquisition schemes using Hadamard encoding for
MRFM are described elsewhere [17] but were not employed here.
The basic 1D-scan pulse sequence is given in Fig. 2. A prepulse
and a polarization cycle are applied prior to detection to reduce
and average out rf-cantilever interactions. We assume that this
led to thermo-mechanical fluctuations in cantilever position as
the main source of noise. The thermal tip motion in our experi-
ments is on the order of z,;;s ~ 1.3 nm. The detection sequence con-
sists of a train of adiabatic hyperbolic secant inversion sweeps [18].
The spins are inverted twice per cantilever oscillation period there-
fore driving the cantilever at its mechanical resonance. The signal
of the 1D-scans was recorded with a train of hyperbolic secant
inversion sweeps (sweep duration ~700 ps, frequency width
125 kHz (water) and 250 kHz (TETA), truncation parameter of 20)

(b) () (d)

Fig. 1. (a) Schematics of the measurement setup. An external magnetic field By produced by a 5.87 T superconducting magnet aligns the 'H spins of the sample parallel to the
z-axis. The liquids are enclosed inside a micro-capillary pulled to form a tip with a narrow wall. A magnetic particle (made of SmCo) is glued to the tip of a cantilever to probe
the spin magnetization of the liquids. Radio-frequency pulses are generated by a micro-coil. The cantilever oscillates along the x-axis. (b) Micro-capillary pulled to form a
narrow tip with low wall thickness. The tip end is closed by melting the glass, the other end is closed by a drop of fast hardening glue. The scale bar is 1 mm. (c) Tip of a micro-
capillary which is filled with water. An air bubble can be seen. The wall thickness of the capillary at the tip is about 5 pum. The scale bar is 500 pm. (d), (e) Cantilever with the
SmCo particle glued to the tip viewed from two different sides. Both scale bars are 100 pm.
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Fig. 2. Basic pulse sequence for a 1D-scan. A prepulse heats up the cantilever for
reduced rf-cantilever interaction during the detection period. A polarization cycle
averages out rf- cantilever interactions by inverting the spin magnetization prior to
every second acquisition. Subtraction of the signals reveals the spin signal but
cancels the rf-cantilever interaction. The detection sequence consists of a train of
adiabatic inversion sweeps (hyperbolic secant inversion sweeps in our experiments
[18]). The spins are inverted twice per cantilever cycle.

with a mean amplitude of about 70 kHz over the detected region
and a detection time of 1s. 80 scans were recorded for water
and 20 scans for TETA for signal averaging.

The signal-to-noise ratio (SNR) of an MRFM measurement in the
amplitude-modulation detection scheme is given by [15,19]:

ancan *
2Kkeanks TV Ly (1)

where My is the Boltzmann equilibrium magnetization and depends
linearly on the spin density inside the detected resonance slice. The
gradient field 9B, is produced by the ferromagnetic particle where
the index i = {Xx, y, z} corresponds to the direction along which the
cantilever is oscillating. In our experiment i equals x. Furthermore,
the sensitivity depends on the cantilever frequency f..,, the spring
constant k., and the quality factor Q of the cantilever. The temper-
ature T goes into the equation since the temperature influences the
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thermal noise of the cantilever. Additionally, the magnetization My
is inversely proportional to the temperature T; kg is the Boltzmann
constant. The Ty is the spin-lock decay time during the cyclic adi-
abatic inversion sweeps of the detection period. It enters the equa-
tion as square root because the longer the detection period the
more white noise is recorded.

In Fig. 3, a 1D-scan of capillaries filled with water and TETA is
shown. The signal is plotted as a function of the resonance slice
center Larmor frequency. If the shape of the magnetic particle
and therefore the magnetic gradient field were well defined, it
would be possible to calculate a spatial position coordinate from
the Larmor frequency coordinate. For our experiment a gradient
source of irregular shape was used, however, and the information
is only approximate. An approximate value for the magnetic gradi-
ent strength in our experiment is 147 T/m. There is only one signal
point in Fig. 3(a) for water, whereas in Fig. 3(b) three signal points
are detected for TETA (for the same amount of sample). The reason
is the two orders of magnitude higher self-diffusion coefficient of
water which causes the spins to flow out of (and possibly reenter,
but with different phase because they missed inversion pulses) the
detected slice during the detection period much faster than in the
case of TETA, if the resonance slice covers the sample’s volume only
partially. This process causes a decay of the spin magnetization
during detection (additional to Typ.), phenomenologically
described by a relaxation time Tp;¢ that can be determined by sim-
ulations as described below.

We first investigate the signal still detectable from a slice with a
dimension of micrometers being part of a larger sample. We
assume that we need Tp;r to be longer than 10 ms to detect the sig-
nal from the slice [19]. Restricting ourselves to one dimension for
this simple estimation, this leads to a minimum detectable slice
thickness of around 18 um for water and 2 um for TETA (see
Fig. S2(a) and S5(a) of the SI). For the details of the calculation
see supporting information. For restricted samples, the situation
is different. If the entire sample is contained in the detection slice,
no diffusion contribution exists, but already for the case of a water
sample of dimension 20 pum, selecting a resonance slice with a
width of 18 um in the center of the sample volume will result in
a Tpig of only 16.5 £ 0.1 ms (Fig. S3(a)) very close to the value of
a large sample of 1000 um dimension (16.6 £ 0.2 ms, Fig. S2(a)).
Note that for a 20 um slice, Tp;¢ goes towards infinity.
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Fig. 3. Force-detected magnetic resonance signals of water (a) and TETA (b) are shown. There is only one signal point for water since the self-diffusion of spins into and out of
small resonance slices decreases the signal intensity to a non-detectable value (further explanations can be found in the text). The resonance slices are indicated by green
areas. Resonance slices have a width of 125 kHz for water and 250 kHz for TETA. The black traces contain noise with an estimated amplitude (see text) of zyns ~v/N * 1.3 nm.
The maximum signal in (b) is about 1.6 times smaller than the signal in (a). N = 80 scans and 20 scans were recorded for water and TETA, respectively. Therefore the signal per
scan is 2.5 times larger for the TETA signal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The calculations are based on numerically solving the diffusion
equation (Fick’s second law) in MATLAB (Mathworks, Cambridge,
UK). For the simulation, the inversion pulses are assumed to be
in the delta pulse limit and are applied each half cantilever period.
The simulated magnetization decay curve is fitted by an exponen-
tial function ~e~*Toir to get a value for Tp;sr. The self-diffusion coef-
ficient of water is about D = 2.3 x 10~° m?/s at 25 °C [20].

For water, the resonance slice must cover at least 18 um (for
large sample volumes) or the entire (for small sample volumes) liq-
uid sample to be detectable with reasonable sensitivity. For TETA,
the much slower self-diffusion (D ~ 4 x 10~'! m?/s) makes it pos-
sible to measure the signal from a much thinner resonance slice.
For example, taking a 2 pm thick resonance slice within a TETA
sample dimension of 20 pum (restricting ourselves to one dimen-
sion) leads to a signal decay Tp;g of about 12.6 + 0.2 ms (Fig. S7
(a)). Such a signal is still detectable with the amplitude-
modulation detection scheme. Therefore for TETA, three signal
points from resonance slices covering the sample’s volume only
partially were experimentally detected. Note that for self-
diffusion into and out of the resonance slice in all three dimen-
sions, the signal decay is enhanced compared to the 1D-
restricted case and the width of the slice might even have to be
bigger for sensitive detection. In our experiments, the resonance
slices are of such a shape that one dimension is much smaller than
the other two. Therefore, the treatment of the diffusion problem in
one dimension is justified.

We estimate the detection volume to be around 60 picoliter for
water and between 10 and 60 picoliter for TETA. For water, the
estimation is based on a resonance slice covering a cylindrical vol-
ume with diameter of 20 pum (inner diameter of the capillary) and a
length of 200 pum (diameter of the rf coil) where spins are affected
by the inversion sweeps during detection. For TETA, the three sig-
nal points arise from resonance slices covering only a small spatial
width within the bulk liquid. It's worth mentioning that due to the
nonlinearity of the magnetic gradient field the resonance slices get
thinner closer to the magnetic particle.

3.2. T; - inversion recovery experiments

During a T;-inversion recovery experiment, the spin magnetiza-
tion is inverted by an adiabatic inversion sweep (hyperbolic secant
sweep, sweep duration 0.5 ms, average amplitude ~45 kHz, trun-
cation parameter 20) and allowed to relax during a T; delay time
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prior to detection (Fig. 4). For TETA (Fig. 4(a)), a T; value of about
170 +40 ms was determined. A reference value of 340+ 10 ms
was measured on a 300 MHz spectrometer (Bruker Avance II).
For water (Fig. 4(b)) a T; value of about 1.9 + 0.2 s was determined.
A reference value for the proton T; relaxation time of about
2.93 £0.01 s was measured at room temperature and a field of
300 MHz (Bruker Avance II). Deviations might result from param-
agnetic impurities (including oxygen) and differences in tempera-
ture. It is important to mention that if the detected resonance-slice
for the Ti-inversion recovery experiment covers the sample vol-
ume only partially, the T; time can be distorted from the real value
by diffusion of molecules into/out of the slice during the T;-delay
time. The Tq-inversion recovery experiments for TETA were there-
fore set up in such a way that the detected region was much smal-
ler (250 kHz) than the inverted region (500 kHz). In this way the
spins diffusing into or out of the resonance slice during the time
of the T, relaxation have the same magnetization.

3.3. Nutation and Hahn-echo experiment

In Fig. 5 a proton nutation experiment (Fig. 5(a)) and a proton
Hahn-echo experiment (Fig. 5(b)) of water are shown [21]. The
nutation curve was measured by applying a radio frequency-
pulse with an average amplitude B; over the detected resonance
slice of about 100 kHz along the x-axis. The duration of the pulse
was incremented in steps of 0.4 ps. The fast decay of the nutation
curve is ascribed to the field inhomogeneity of the nutation pulse
over the detected resonance slice. This is illustrated by the red
trace in Fig. 5(a) corresponding to the nutation curve obtained
for a Gaussian distribution of field strength (center 105 kHz,
FWHM 67 kHz). Furthermore, self-diffusion of the spins during
the nutation pulse might further shorten the decay time.

As it can be seen from Fig. 5(b), the echo signal decays after
about 100 ps. Normally in a Hahn-echo decay experiment of water
the signal life time is up to several seconds [22]. However, in the
presence of a field gradient, the diffusion in the liquid interferes
with the echo formation and leads to the faster decay [21,23-
25]. Since we know the self-diffusion coefficient of water, we can
use the formula describing the decay of the echo signal given by
Stejskal and Tanner and calculate the magnetic gradient strength
from our data. The decay of the signal intensity I during a Hahn-
echo due to self-diffusion in an inhomogeneous static magnetic
field is given by

o
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Fig. 4. T, - inversion recovery experiments are shown of TETA (a) and water (b). The black dots are the measured data points of the inversion recovery experiment. The blue
line is an exponential fit according to the function given in the legend of the Figures. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. Signals from a nutation experiment (a) and a Hahn-echo experiment (b) for water protons. The fast decay of the nutation curve is due to the field inhomogeneity of the
nutation pulse B; along the x-axis and is illustrated by the red line which simulates a Gaussian distribution of rf-field strength. The Hahn-echo decay is governed by the self-
diffusion in the inhomogeneous static magnetic field. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

I(7) = loexp <_—2yzc§r3D - 2i> 2)
3 T,

where 7 is the gyromagnetic ratio, Gy is the gradient strength, t is

the Hahn-echo decay time, D is the self-diffusion coefficient and

T, is the transverse relaxation time. The second term in the expo-

nential can be neglected since T < T, in our experiment (t ~ 100 ps,

T, ~ 1s). Rearranging Eq. (2) leads to

I\ =200
In (E) ~ 3 y*GoT°D (3)

Plotting the data given in Fig. 5(b) according to Eq. (3) allows to
calculate the gradient strength Go from the slope of the linear fit
which gives a value of 127 + 11 T/m (Fig. 6). This is compatible

0] * Signal I
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-0.51
=
=
7
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Fig. 6. Normalized signal intensity of the Hahn-echo decay signal from Fig. 5(b)
plotted as a function of the third power of the dephasing time t. Since the self-
diffusion coefficient of water is known [20] the magnetic gradient strength
Go=127+11T/m can be calculated from the slope of the linear fit (according to
Eq. (3)).

with estimations of the thickness of the slice (20 um) and its fre-
quency width (125 kHz) (assuming that the strongest gradient is
along the x-axis) which yields 147 T/m.

4. Conclusions

We explored the use of the micro-capillaries as a vacuum pro-
tection system for detection of liquid samples by MRFM using a
gradient-on-cantilever setup. A Hahn-echo experiment shows the
effect of the self-diffusion of spins on the signal decay and the lim-
its of resolution when the inhomogeneous magnetic field is pre-
sent. Strong dephasing effects appear when the image slice is
smaller than the diffusion length during the detection period of
typically 0.07-0.5 s (the diffusion-length of water is about 18 pm
in 0.07 s and about 2 pm in 0.07 s for TETA for 1D-restricted diffu-
sion). The spatial resolution in our setup (restricted to one dimen-
sion) of bulk water is limited to about 18 um whereas for bulk
TETA with a two orders of magnitude lower self-diffusion coeffi-
cient, a spatial resolution of about 2 um is possible. For compar-
ison, the spatial resolution of micro-MRI is limited to a few
micrometers for bulk water [26]. However, one is mostly not inter-
ested in imaging slices out of bulk liquids. Interesting samples such
as single biological cells show some kind of structure or compart-
mentalization which hinders the self-diffusion of liquids compared
to the bulk liquid [27,28]. The cytoplasm of cells contains a mixture
of compounds which show self-diffusion coefficients between the
one of bulk water and down to about 10~'? m?/s [29]. Furthermore,
cells show low-mobility structures such as the cell wall, the
cytoskeleton or the organelles. Therefore, a spatial resolution of
about 1 pum or even lower may be feasible in some systems.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jmr.2018.11.009.
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