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Abstract

We report the indirect detection of the magnetization of one spin species via the NMR signal of a second species. Our method relies on
the control of long-range dipolar fields between two separate objects, in this case, a water droplet (sensor) immersed in a tube containing
mineral oil (sample). Unlike prior experiments, no gradient pulses are used; rather, the setup geometry is exploited to select the part of
the sample to be probed and modulate the spin alignment in the sensor. Our results are discussed in the context of Dipolar Field Micros-
copy, a proposed strategy in which the detector is a hyperpolarized tip.

© 2006 Elsevier Inc. All rights reserved.
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Collective effects of the nuclear magnetization on the
NMR spin dynamics were first reported by Deville, Bernier,
and Delrieux [1]. In an experiment conducted almost thirty
years ago, they observed and explained the unexpected
string of echoes, following a standard two-pulse sequence
in hyperpolarized *He. With the advent of improved high-
er-field NMR systems, non-linear nuclear spin dynamics be-
came the subject of renewed attention as substantial effects
were observed in protonated solutions at room temperature
[2-8]. In the early 90’s, Bowtell proposed a method for the
indirect detection of one spin species via the demagnetizing
field produced by spins in solution of a different species. Un-
like other schemes, spins do not need to be part of the same
molecule; in fact, the only requirement is that the two nucle-
ar species be sufficiently close [4]. Extending these ideas,
Warren et al. [7,9] and Bowtell et al. [10] showed that inter-
actions can be established between nuclei of high gyromag-
net ratios located in separate containers. In all these
experiments, gradient pulses were used throughout the se-
quence to break the symmetry of the sample polarization
by inducing a helical distribution of magnetization along
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the gradient pulse direction. A non-zero dipolar field is thus
created and used to couple the analyte and the sensor nuclei.
Broadly speaking, contributions to the dipolar field at every
point originate mostly from nuclei contained in a sphere
having a radius equal to the helix pitch [5]. Therefore, if
sample and sensor nuclei reside in separate containers, the
amount of coupling (i.e., the dipolar field of one nuclear
species acting on the other) can be controlled by the dura-
tion of the gradient pulse.

Recently, one of us proposed that long-range dipolar
couplings could serve as a tool for NMR microscopy
[11]. In this scheme, the dipolar field of a small hyperpolar-
ized tip placed in close contact with an extended sample is
used to reorient the sample magnetization in the neighbor-
hood of the tip. The result is a strong dipolar field at the tip
site—this time, due to the sample—which is used in a sec-
ond stage to modulate the tip magnetization. This ap-
proach could prove advantageous because highly
sensitive methods can be used to probe the microtip and
thereby, indirectly probe the sample with a resolution com-
parable to the size of the tip. As an initial demonstration of
this methodology, we designed an experiment in which a
~3 mm diameter distilled water droplet—playing the role
of the sensor—was used to detect the NMR signal of the
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sample surrounding the droplet, in the present case, sili-
cone oil (Sigma—Aldrich) contained in a 5 mm diameter
glass tube. Despite the change in geometry (the detection
center is now embedded in the sample), the basic assump-
tion of the scheme described above still holds: the sample
(oil) and the detection center (water) are distinct and sepa-
rate objects only connected through long-range intermolec-
ular dipolar couplings. The scheme is reminiscent of
previous work carried out by Pines and collaborators
[12], who showed that hyperpolarized Xenon can be used
as a sensor to pick up the signal of an analyte located in
a separate container. Also, long-range dipolar fields in
oil-water emulsions have been studied in the past by Cory
and coworkers [13,14]. Nonetheless, the context and moti-
vation are markedly different in this experiment. Further-
more, our strategy uses only the geometry of the setup to
generate and detect the dipolar field interaction, i.e. no
symmetry-breaking field gradient pulses are utilized.

Fig. 1 shows the pulse sequence used: selective excitation
of the oil protons initiates the evolution of the sample mag-
Decoding

Reading

A iSen'. Exc) Encoding

ot | te1/29) | tog/(2n4) | toa/(2n2) | tea/(2n2) |

@2, (2 (W @2 My

| i | N )
I I I I I | Acquisition

ny times 11 no times

B (2,

(/2

Y

Encoding+Decoding+Reading

forep | tourge
Preparation

Fig. 1. (A) Pulse protocol for indirect detection of the sample magneti-
zation. During the ‘encoding’ period, sample spins (indicated by gray
arrows) evolve in the presence of the dipolar field due to the sensor. The
gained phase depends on the position of the sample spin relative to the
water droplet. A w/2 ‘transition pulse’ at the end of this period
simultaneously excites water spins (black arrows) and generates a non-
homogeneous distribution of sample magnetization along the z-axis. This
induces a dipolar field on the sensor, which translates into a slow
precession of the water nuclei. Trains of m-pulses with alternating phase
during the ‘encoding’ and ‘decoding’ intervals are used to eliminate the
effect of field inhomogeneities (or frequency offset). An even number of
pulses has been assumed to simplify the drawing but this condition is
unnecessary. Acquisition starts at the last echo point. Selective excitation
of sample nuclear spins was carried out using a pair of phase-shifted n/2-
pulses; 7; was chosen as 1/4 the inverse of the frequency difference
between the oil and water resonances (0.13 ms). (B) A ‘preparation’
interval preceding the pulse sequence in (A) is used to control the initial
sample magnetization along the z-axis. The phase ¢ is chosen so that,
irrespective of 7, sensor spins point along the +z direction after the
second m/2-pulse; a purge period fpyree of 100 ms was used in all cases to
eliminate remaining in-plane sample magnetization.

netization in the presence of the dipolar field due to the
water droplet. In the frame rotating at the oil Larmor
frequency, only nuclei neighboring the water droplet are
affected by its dipolar field. The contact time ¢, = 31/
(4ypeMS,,) is chosen so that sample nuclei located close
to the poles of the water droplet total a n/2 rotation during
the first interval. In the above expression, M, is the equi-
librium magnetization of the detector, y is the proton gyro-
magnetic ratio and y is the vacuum magnetic permeability.
In a magnetic field of 9.4 T (400 MHz 'H resonance fre-
quency) at room temperature we have 7., ~ 300 ms. It is
not difficult to demonstrate that the sample magnetization
parallel to the main magnetic field (z-axis) at the end of
the encoding period is given by M i?l(tcl) = Mgpl sin(} (’70)3
(3cos? 6 — 1)). Here, Mgpl is the equilibrium sample magne-
tization; rq is the water droplet radius; r is the distance to
the droplet center and 0 is the angle with the main magnetic
field direction. The strongly inhomogeneous distribution
of sample magnetization induces a rather homogeneous
dipolar field on the water droplet. A full numerical calcula-
tion shows that this field reaches a magnitude equal to
Bgt = 2.3,uOM§$ /(4m) with a variation of approximately
+10% over the droplet volume. At 9.4 T for a room-tem-
perature silicone-oil sample, B{* amounts to roughly
5.9nT (0.25 Hz 'H frequency).

The presence of an additional external magnetic field
acting on the water nuclei translates into a slow evolution
of the water magnetization during f.,. It is worth pointing
out that the synchronous inversion of the sample and sen-
sor magnetization during this (and the former) time inter-
val eliminates dephasing induced by field inhomogeneities
but preserves the action of the dipolar field. The expected
result is a slow precession of the sensor spins at the fre-
quency of the sample dipolar field. Fig. 2 shows the spec-
trum of the signal recorded after .. The oil peak—here
kept as a reference for demonstration purposes—is due to
in-plane magnetization originating from nuclei only weakly
affected by the water dipolar field during the encoding peri-
od. After short time intervals, the water signal shows a 90°
phase shift relative to the oil peak, a simple consequence of
the phase difference introduced at time #.; during excitation
of the water nuclei. As the contact time ¢, increases, how-
ever, this phase shift progressively diminishes until the
water peak becomes in phase with the oil peak at about
1.4s. No significant changes are observed at later times;
after 2's of evolution, a low signal to noise ratio makes
detection impractical.

These results are in good agreement with our model:
taking 1.4 s as the time needed to induce a m/2-rotation
of the water nuclei, the effective dipolar field due to the
sample during the decoding period amounts to 0.17 Hz.
This number is considerably smaller than the crude esti-
mate indicated above (0.25 Hz) but the agreement im-
proves significantly if the various mechanisms of
relaxation are taken into account. For example, when lon-
gitudinal and transverse relaxation times (identical for an
isotropic liquid) are considered [15], a full numerical simu-
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Fig. 2. Fourier transform of the signal detected after a variable decoding
time; 7., was set to 200 ms in (A), 700 ms in (B) and 1400 ms in (C). The
evolution of the sensor spins in the presence of the sample dipolar field
appears as a slow phase shift of the water peak. The phase of the oil
resonance peak—shown truncated and used as a reference—remains
undistorted. In all three cases a preparation time of only 5 us was used
leaving both the oil and the water initial magnetization undistorted. A
purge time of 100 ms was used; the number of scans was 16. The number
of echoes n; and n, were 3 and 7, respectively. (D) Same as in (C) but with
Iprep Chosen to saturate the sample spins (0.13 ms). In the absence of an
external dipolar field, the water resonance peak exhibits no phase shift.

lation of the spin dynamics in this system [16] yields an
effective dipolar field of 0.19 Hz. Pulse imperfections dur-
ing the sequence (particularly during the trains of m-rota-
tions in the encoding and decoding periods) further
decrease this value. Note that although a single inversion
is necessary to eliminate the effect of field inhomogeneities
(much stronger than the dipolar field to be measured), sev-
eral m-pulses are preferred in practice. This is because
damping of the measured signal due to self-diffusion can
be lessened by decreasing the free evolution time between
inversions, therefore improving the signal-to-noise ratio
to a level compatible with our detection sensitivity. It is
worth pointing out, nonetheless, that self-diffusion effects
are not expected to considerably attenuate the (relevant)
dipolar field neither during 7. nor #,,. Water self-diffusion
is unimportant both during the encoding period (because
the droplet dipolar field remains unaltered) and throughout
the decoding time interval (because the oil dipolar field is
fairly homogenous). On the other hand, oil exhibits a
self-diffusion coefficient considerably smaller than that of
water making diffusion effects rather negligible for the time
scale and physical dimensions of the system under
consideration.

The ability to indirectly detect the oil NMR signal by
inspecting the water sensor is shown in Fig. 3. Here, the
pulse sequence is preceded by a preparation interval in
which the oil magnetization is manipulated to modify the
state prior to the encoding period. A 100 ms purge time be-
tween the preparation and encoding pulses was used to
eliminate remaining in-plane oil magnetization. The phase
of the ‘transition’ pulse at 7., was changed by 180° in even-
numbered acquisitions to cancel the imaginary component
of the water signal (see Fig. 1). The result is that the sensor
signal will be non-zero only when an external dipolar field
is present; further, the sign of the water peak will reflect the
alignment (along the z-axis) of the sample nuclei inducing
this field. In case 3a, the short preparation time used
(5 ps) leaves the oil magnetization unchanged and conse-
quently, the water peak appears in-phase. Almost no signal
is detected in case 3b, because the preparation time
(0.13 ms) was chosen to saturate the oil spins; i.e., no dipo-
lar field was acting on the droplet during 7.,. Finally, the
water peak changes sign in case 3c reproducing the inver-
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Fig. 3. When the phase of the ‘transition pulse’ (third m/2-pulse in
Fig. 1A) changes 180° in every scan, the dispersive component of the water
signal is averaged out (after an even number of acquisitions). Therefore,
the amplitude of the resulting absorptive sensor peak becomes propor-
tional to the sample magnetization as set in the preparation period. In (A),
the sample magnetization is left unchanged using f#,rp = 0.005 ms; it
becomes zero in (B) setting f,.p =0.13ms and is inverted in (C) with
torep = 0.26 ms. In all cases, #,yr,e Was 100 ms and the total number of
scans was 32. The number of echoes n; and n, were 3 and 7, respectively.
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sion of the sample magnetization during the preparation
interval (fprep = 0.26 ms). Note that the signal amplitude
is comparable to that of case 3a. This is consistent with
the short overall increment of the sequence duration rela-
tive to the sample and sensor relaxation times (roughly 2 s).

Indirect detection of nuclear magnetic resonance as
reported here could become a valuable strategy if the sensor
is engineered to enable the use of detection methods more
sensitive than standard Faraday induction [11]. For exam-
ple, detection of the nuclear polarization at the nanoscale
has been demonstrated using electrical methods [17] and is
currently investigated by several groups [18]. Further, Opti-
cal Faraday Rotation [19] and luminescence-based schemes
[20,21] have been used to probe the nuclei contained in a
semiconductor heterostructure [22] or in a single quantum
dot [23]. In the present context, the high sensitivity common
to these detection strategies could be exploited to locally
probe an arbitrary sample (having non-zero nuclear spins)
through a sensor optimized to provide the best possible sig-
nal. Clearly, various geometries are conceivable although a
tip/sample configuration is particularly appealing and has
been the subject of our recent study [11]. Because the size
of the probed sample is comparable to the size of the tip,
a spatial resolution exceeding that attained by standard
schemes could be possible. Dipolar Field Microscopy
(DFM)—the name we have suggested for this strategy—
could thus be used to reconstruct images as the tip scans
the sample. Alternatively, it could be used to reconstruct
a local high-resolution NMR spectrum if the preparation
interval preceding the detection protocol (encoding and
decoding periods) is sequentially incremented.

The results reported in this manuscript are insufficient to
address the many technical questions associated with the
practical implementation of DFM though they provide a
starting point and a demonstration of the underlying
physics: nuclear dipolar fields originating in the geometry
of the setup can be used to couple two separate (but close)
objects and indirectly determine the magnetization of one
of them by its effect on the other. Certainly, both the sensor
and the sample will be solids at the low temperatures re-
quired for DFM and thereby it can be argued that the
shorter transverse relaxation times will render our approach
impractical. This argument, however, is inaccurate: orders-
of-magnitude increased magnetizations are possible by
cooling the sample and dynamically polarizing the sensor,
which correspondingly leads to contact times much shorter
than those reported here (#.; ~ 1 ms and 7., ~ 100 ms for a
10% polarized GaAs tip close to a sample at 4 Kina 10T
magnet). On the other hand, transverse relaxation times
reaching up to 2 s have been attained by combining homonu-
clear spin decoupling with cyclic inversions [24].

Although the practical implementation of our scheme in
a solid is technically more demanding, the use of liquid
samples as reported here makes the conceptual analysis
of this experiment comparatively more complex. This is be-
cause it is not evident whether non-linear effects due to
internal demagnetizing fields in the sample and detector

can be neglected during the spin evolution. It is not very
difficult, however, to qualitatively demonstrate that this is
indeed the case: In our setup, the field inhomogeneity
(approximately 60 Hz FWHH) is tens of times larger than
the magnitude of the inner demagnetizing fields (less than
1 Hz). The result is that the in-plane components of this
field will be effectively averaged away; only the z-compo-
nent of the inner demagnetizing field in the sample (sensor)
must be considered during the encoding (decoding) time
interval. A simple calculation demonstrates that this com-
ponent is zero when the sample (sensor) magnetization lies
along the xy-plane, which is practically the case during 7.,
(t2). A full numerical simulation that takes into account
the spatial configuration in our system further supports this
conclusion. These results [16}—not included here for brev-
ity—indicate that the inner dipolar field will be weak even
in the case in which the main magnetic field is perfectly
homogeneous (due to the singular geometry of our experi-
mental setup). A full account of these and other details is in
preparation and will be published elsewhere.

From a more general perspective, an interesting feature
of the proposed scheme is that the role played by the sam-
ple magnetization is merely to define the contact time nec-
essary to modulate the sensor magnetization. Thus, as long
as relaxation can be ignored, the detection sensitivity does
not depend on the sample magnetization but only on our
ability to pick-up the sensor signal (which, as mentioned,
can be favorably engineered). This contrasts with standard
Faraday detection: if S and F, respectively, represent the
signal-to-noise ratio obtained with standard inductive
detection and the proposed method, S drops by half when
the sample magnetization is reduced by the same amount.
In the proposed scheme, however, one can double the con-
tact time f,, in which case F will remain unchanged. In
other words, within the limits imposed by relaxation, it is
possible to trade contact time in a single scan to gain a bet-
ter signal-to-noise ratio. At the low temperatures required
for DFM, this feature could prove beneficial in various
applications, for example, to characterize dilute samples.
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