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Abstract

Nuclear magnetic resonance is arguably one of the most powerful techniques available today to characterize diverse systems.
However, the low sensitivity of the standard detection method constrains the applicability of this technique to samples having effec-
tive dimensions not less than a few microns. Here, we propose a novel scheme and device for the indirect detection of the nuclear
spin signal at a submicroscopic scale. This approach—for which the name Dipolar Field Microscopy is suggested—is based on the
manipulation of the long-range nuclear dipolar interaction created between the sample and a semiconductor tip located close to its
surface. After a preparation interval, the local magnetization of the sample is used to modulate the nuclear magnetization in the
semiconductor tip, which, in turn is determined by an optical inspection. Based on results previously reported, it is shown that,
in principle, images and/or localized high-resolution spectra of the sample can be retrieved with spatial resolution proportional
to the size of the tip.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

One of the most important challenges in modern
nuclear magnetic resonance (NMR) is the study of sys-
tems with spatial resolution less than �10 lm. This dif-
ficulty derives basically from the fact that, in
conventional NMR, the signal-to-noise ratio is propor-
tional to the nuclear magnetic polarization of the sam-
ple. Despite steady progress in the construction of
stronger superconducting magnets, this polarization is
only a small fraction of the attainable maximum
(�10�4 for protons in a 14 T magnet) so, typically,
1016–1018 molecules are necessary for meaningful mea-
surements. Also, in ‘‘traditional’’ NMR, the detected
signal results from Faraday induction in the coil sur-
rounding the sample. Compared to other detection
methods, the sensitivity of this scheme is rather poor
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since, even with maximum polarization, the minimum
number of spins needed to induce a measurable signal
is invariably large.1

Given the growing interest in studying systems at
submicroscopic scales, various methods have been
implemented to mitigate these problems. In semiconduc-
tors, for example, irradiation via circularly polarized
light or ‘‘optical pumping’’ makes it possible to reach
a nuclear alignment of up to 70% [2]. This effect leads
to the generation of an effective magnetic field acting
on the semiconductor electrons, which, in turn, can be
used to optically determine the nuclear polarization with
exquisite sensitivity [3]. Although various methods have
been used in the past to optically probe the nuclear
alignment [3,4], here we will pay particular attention
to schemes based on Faraday rotation [5,6]. In this
case, the electronic Larmor frequency within the
1 Near field optical microscopy serves as a useful reference for
comparison. See, for instance [1].
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semiconductor is determined by recording the temporal
change in the linear polarization of a time-delayed
‘‘probe’’ pulse following a stronger (circularly polarized)
‘‘pump’’ pulse. When the system has been previously
hyperpolarized, the nuclear alignment alters (through
the hyperfine coupling) the effective magnetic field acting
on the electrons. Thereby, the nuclear polarization can
be determined by comparing the measured precession
frequency with the one exclusively due to the exter-
nal magnetic field. This scheme has a remarkable
sensitivity and has been used to reconstruct nuclear
magnetic resonance spectra in minuscule regions of a
semiconductor [7].

This manuscript introduces a novel scheme for the ul-
tra-sensitive detection of nuclear magnetic resonance in
samples of arbitrary composition, with emphasis on
those of biological relevance (protonated systems). With
this purpose, the use of a hyperpolarized semiconductor
tip placed close to the surface of an extended sample will
be discussed. In this geometry, it will be first shown that
it is possible to use the tip dipolar field to select a region
of interest within the sample. This is a versatile process
with multiple alternatives. However, the most interest-
ing case is the one in which the sample magnetization
is restricted to a small region of volume proportional
to the size of the tip. This sharply inhomogeneous distri-
bution of magnetization is used, in a second step, to
modulate the amplitude of the nuclear magnetization
in the tip. As explained below, an optical reading makes
it possible to indirectly get local information on the sam-
ple with sensitivity (almost) independent of its polariza-
tion. Based on experimental results previously reported
by other groups, it will be also shown that, in principle,
it is possible to reconstruct images and obtain high-res-
olution spectra with a spatial discrimination comparable
to the size of the tip.

Let us consider the setup in Fig. 1: an intense external
magnetic field uniformly polarizes an extended sample
in the direction perpendicular to its surface. Close to this
surface is a semiconductor tip previously hyper-polar-
ized by optical pumping (with either a cw or pulsed cir-
cularly polarized laser beam). The setup also includes a
radio-frequency (RF) coil to manipulate the evolution of
the spin system in the sample and in the tip. For simplic-
ity, it has been assumed that the hyperpolarized region is
spherical2 with radius a, and that its center is located a
distance d from the surface of the sample. In this case,
the tip induces a dipolar magnetic field of the form
2 Given the well-known spatial dependence of the dipolar field due to
a magnetized sphere, this assumption considerably simplifies the
mathematical treatment. As will become apparent soon, however, the
inclusion of a more extended region throughout the tip body does not
represent a substantial factor in the analysis.
Btip ¼
l0

3r03
a
d

� �3
ð3ðMð0Þ

tip � r̂0Þ̂r0 �M
ð0Þ
tip Þ. ð1Þ

M
ð0Þ
tip represents the (pumped) nuclear magnetization in

the tip (collinear with the external field) l0 is the vacuum
magnetic permeability and r 0 is the vector from the sam-
ple to the center of the sphere; the prime indicates that
the coordinates have been expressed in units of the dis-
tance d. The spatial variation of the dipolar field can be
used to select the sample region to be studied. Let us
consider, for instance, the RF pulse sequence
(p/2)y � tc1 � (p/2)x acting on the sample nuclei. As usu-
al in NMR, the sub-index in each pulse indicates the RF
phase in the rotating frame; tc1 represents the variable
evolution interval between the pulses. If for now we
do not take into account spin interactions other than
the long-range dipolar field between the sample and
the tip (i.e., J-couplings, homo- or heteronuclear dipolar
interactions within the sample or tip, chemical shifts,
etc.), a simple calculation shows that, at the end of the
sequence, the magnetization along the z-direction (par-
allel to the external magnetic field) is given by

M
ðzÞ
spl tc1ð Þ ¼ M

ð0Þ
spl sinðcspltc1ðBtipÞzÞ. ð2Þ

M
ð0Þ
spl represents the equilibrium magnetization in the

sample and cspl is the nuclear gyromagnetic ratio of
the probed nuclei. Finally, ðBtipÞz ¼ ðBmax

tip =2r05Þ
ð3z02 � r02Þ is the z-component of the dipolar field due
to the tip in primed coordinates; Bmax

tip ¼ ð2l0=3ÞM
ð0Þ
tip

ða=dÞ3 is the maximum value of this field over the
sample.

The use of the dipolar field due to the tip to control
the distribution of magnetization in the sample can be
directly visualized in Fig. 2. In case A, the inter-pulse
interval tc1 has been chosen such that cspltc1B

max
tip ¼ p=2.

The result is the concentration of magnetization in the
region closest to the tip. As inferred from the figure, this
volume is basically proportional to d3 indicating that the
magnetization becomes more localized as the center of
the hyperpolarized sphere moves closer to the sample
surface. Reciprocally, the sharply inhomogeneous distri-
bution of the sample magnetization induces a strong
long-range dipolar field at the tip. Fig. 3 shows a field
map in the region close to its center (of curvature); no-
tice that the dipolar field due to the sample is relatively
intense reaching a magnitude Bmax

spl ¼ 0.6l0M
ð0Þ
spl=ð4pÞ.

To more fully appreciate this result it is important to
bear in mind that the dipolar field of a uniformly mag-
netized infinite layer vanishes [8,9]. This can be seen
by considering a point located a distance d above the
layer, whereby the dipolar field due to the nuclei in a
central circle of radius

ffiffiffi
2

p
d is anti-parallel to the field

generated by nuclei outside this circle. The exact cancel-
lation upon the superposition of both contributions is a
non-intuitive and somewhat fortuitous result: the dipo-
lar field of each individual spin diminishes with the



Fig. 2. Spatial distributionof the sample nuclearmagnetizationafter evolution
sphere in the tip is assumed to have its center located at the origin of the refer
localization of the nuclear spin alignment in the sample after an RF pulse seq
chosen so that cspltc1B

max
tip ¼ p=2 (see text for notation). Left: spatial distributi

(z = d), the magnetization is essentially contained in a circle of radius
ffiffiffi
2

p
d an

magnetization rapidly vanishes. (B) Same as in (A) but with twice the evolution
displayed. The magnetization is still contained within a circle of radius

ffiffiffi
2

p
d b

further exploited to improve resolution.For this case, the dipolar field inducedb
of the second pulse in the preparation sequence was changed by 90� from x to y

surface plane, the magnetization is distributed so that only the region beyond a
that this is exactly the complement to the situation in (A). The sample dipolar

Fig. 1. Proposed experimental setup: a semiconductor tip is close to
the surface of an extended sample. The system is immersed in a strong
magnetic field pointing along the surface normal (z-axis). An RF coil
(not displayed in the sketch) is used to manipulate the nuclear spin
evolution both in the sample and in the tip. One or more laser beams
are used to hyperpolarize the nuclei in the tip and optically probe its
magnetization. To facilitate a formal description, it will be assumed
that only a spherical region of radius a, equal to the radius of curvature
of the tip, has been hyperpolarized. In practice, however, this condition
is not necessary as the rest of the tip does not significantly contribute to
the induced dipolar field on the sample.
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distance to the center of the ring; however, the number
of spins increases with the square of this distance. The
nulling of the total dipolar field is the result of a delicate
equilibrium involving regions of the sample that are far
apart from each other. The magnetization distribution
obtained for the case shown in Fig. 2A implies that,
after the preparation sequence, only those nuclei within
the central circle will contribute to the dipolar field in
the tip. However, it is possible to alter the parameters
of the preparation sequence to generate, for instance, a
dipolar field of comparable magnitude, this time only
due to nuclei outside the central circle (Fig. 2C) or in
a ring around its center (Fig. 2B). This versatility and
the almost optimum intensity of the induced dipolar
field confer to this scheme very singular properties that
can be used to selectively get information from comple-
mentary regions.

The detection of the sample magnetization by means
of the tip is carried out in analogous fashion with that of
the preparation period. Let us consider for this purpose
the pulse sequence (h)y � tc2 � (h)x, this time applied at
the resonance frequency of the nuclei within the semi-
conductor tip. Notice that the sample-tip contact time
tc2 will be, in general, different from the one used during
the preparation period and the tipping angle hmay differ
in the presence of the long-rangedipolar field due to the tip. Thepolarized
ence frame, a distance d above the surface of the sample. (A) Right: 3D
uence of the type (p/2)y � tc1 � (p/2)x. The inter-pulse interval has been
on of the magnetization on two separate planes. On the sample surface
d reaches maximum amplitude. As the distance to the tip increases, the
interval between the pulses. In this case only the surface plane has been
ut the central contribution has been removed, a situation that could be
y the sample reaches amagnitudeBspl � l0M

ð0Þ
spl=ð4pÞ. (C)Here, the phase

and the inter-pulse interval was chosen to be cspltc1B
max
tip ¼ 1.06p. On the

ring of radius
ffiffiffi
2

p
d contributes to the dipolar field Bspl at the tip. Notice

field is in this case Bspl � �0.5l0M
ð0Þ
spl=ð4pÞ.



Fig. 3. Magnitude of the dipolar field in a vicinity of the tip after
crafting the sample magnetization as in Fig. 2A. Positions have been
expressed in units of the distance d; the center of the polarized sphere
in the tip is at the origin. At this point, the dipolar field reaches its
maximum equal to 0.6l0M

ð0Þ
spl=ð4pÞ. The dotted circle indicates the

position of a (spherical) tip having a (curvature) radius a = 0.7d. Note
that the dipolar field variation is slightly less than 30%.
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from p/2. If, as before, we neglect all inter-spin interac-
tions, the z-component of the magnetization in the tip at
the end of the sequence is given by

M
ðzÞ
tipðtc2Þ ¼ M

ð0Þ
tip 1� sin2h 1� sin

p
2

Bspl

� �
z

Bmax
spl

� �
ref

0
B@

1
CA

0
B@

1
CA

0
B@

1
CA.

ð3Þ
Here, the contact time tc2 has been chosen so that
ctiptc2ðBmax

spl Þref ¼ p=2. In this formula ðBmax
spl Þref represents

the (peak) dipolar field created by a reference sample (of
optimum nuclear density) at the site of the tip. Formula
[3] implies that at the end of the second time interval, the
tip magnetization becomes modulated by the changes of
the dipolar field (Bspl)z, which, in turn, depends on the
magnetization of the selected sample region. Thus, an
optical inspection of the electronic spin precession in
the semiconductor tip reveals a shift with respect to
the Larmor frequency prior to manipulating the tip nu-
clei equal to

Df ¼ kM ð0Þ
tip sin

2h 1� sin
p
2

M spl

� �
M ref

spl

 ! !
. ð4Þ

For the case of Fig. 2A, ÆMsplæ represents the average
magnetization in a hemisphere of radius �d located
immediately close to the tip and M ref

spl is simply a scale
factor interpreted as the magnetization in the same vol-
ume with best conceivable nuclear density (reference
sample). Eq. (4) implies that, in principle, one can probe
the local magnetization of the sample by optically
inspecting the tip. Interestingly enough, the signal-to-
noise ratio of the measurement only depends on our
ability to detect changes of the electronic precession fre-
quency in the semiconductor. This, in turn, rests on the
amplitude of the nuclear magnetization in the tip and
the electronic decoherence time; parameters that can
be advantageously selected, as shown below.

Crucial in the detection scheme described so far is the
adequate control of the short-range spin interactions
that take place in a solid at the low temperatures neces-
sary for optical pumping. A similar requirement is
encountered in solid-state imaging [10] or in experiments
that measure spin diffusion in a solid [11]. Here, multiple
pulse coherent averaging is employed to suppress unde-
sired spin–spin interactions during the creation of mag-
netization gratings by the pulsed field gradients. In the
present case, the RF pulse sequence of Fig. 4 takes this
condition into account: both during the preparation and
encoding periods, the spin evolution takes place in the
presence of homonuclear decoupling. On the other
hand, an inversion p pulse at half each interval elimi-
nates dephasing induced by heteronuclear interactions
(dipolar, J-couplings) and local chemical shifts. Notice,
however, that the effect due to the long-range dipolar
field is preserved in both periods since the magnetiza-
tions in the sample and tip are synchronously inverted.

From a practical standpoint, the finite amplitude and
spatial inhomogeneities of the radio-frequency (RF)
field impose a limit to the time during which it is possible
to preserve coherence in the spin evolution of a solid sys-
tem. In static protonated samples, where the homonu-
clear dipolar interaction is particularly intense, this
time is at most a few milliseconds (in a macroscopic
sample) [12]. It follows from here that the modulation
of the tip magnetization (and consequently, the detec-
tion sensitivity) will be optimized when the contact times
between the tip and the sample are kept within this limit.
The preparation time tc1 crucially depends on the mag-
netization and position of the tip relative to the sample:
for the case considered in Fig. 2A, one has

tc1 ¼
3p
2

d
a

� 	3
1

l0csplM
ð0Þ
tip

. ð5Þ

In this expression we have included a factor 2 that
addresses the nominal scaling incorporated in the major-
ity of homonuclear decoupling sequences [12–15].
According to Eq. (5), the most favorable geometry is
the one where the tip rests over the surface of the sample
(a � d). An associated disadvantage is, however, that the
dipolar field induced by the sample becomes inhomoge-
nous within the tip volume. If the whole tip volume is
used during the optical reading period, the tip must be
separated from the sample surface, thus extending the
contact time tc1. The field map of Fig. 3 indicates that
the spatial variation of (Bspl)z is about 30% throughout



Fig. 4. Pulse sequence for the indirect detection of the sample magnetization. The part of the sample to be probed is selected during the initial
preparation period. Here, a protocol equivalent to that of Fig. 2A has been followed. However, homonuclear decoupling is necessary to prevent
decoherence due to inter-spin interactions. Dephasing due to local chemical shift or heteronuclear interactions is cancelled by the addition of a p-
pulse at half the contact time tc1. Notice that the effect due to the external long-range dipolar field is preserved by a simultaneous inversion of the tip
magnetization. In the encoding period, the dipolar field due to the sample is used to modulate the magnetization in the tip. Again, RF decoupling and
synchronous reversal of the magnetization are necessary to prevent undesired dephasing. Finally, an optical inspection of the tip magnetization is
carried out during the reading period. This is accomplished by a train of time-delayed pump/probe laser pulses (see [5–7]).
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a volume whose radius is slightly larger than half the dis-
tance to the surface (a/d � 0.7). As a simple numerical
analysis demonstrates, a 30% change of the sample dipo-
lar field over the tip volume only translates on a �2%
reduction of the electronic frequency shift range which,
for most cases, does not represent a substantial problem.
For this disposition and with a polarization of 10% (or
30%) in a GaAs tip, Eq. (5) yields tc1 � 2 ms (or
0.7 ms). Notice, however, that due to the cubic depen-
dence with the distance, this value reduces to only
�700 ls (or 230 ls) when the tip rests just above the
sample surface (a � d).3 Such a disposition could be pos-
sible if the semiconductor tip is designed so that only the
central fraction of its volume is used in the final period
of optical reading. This could be implemented by alter-
ing the composition of the semiconductor to generate in
the tip a core/shell structure analogous to that found in
3 It has been assumed in this calculation that the dipolar field due to
only one isotope of the tip (69Ga, 71Ga or 75As) is effective throughout
the preparation period. However, the contact time tc1 reduces
approximately by a factor 1/3 if the dipolar field due to all three
isotopes is controlled.
colloidal quantum dots [16–19]. With the laser frequency
properly tuned during the reading period, only the cen-
tral region can be monitored.

The contact time required during the encoding period
tc2 is inversely proportional to the sample magnetiza-
tion. For a spatial distribution similar to that of
Fig. 2A, its value is given by the formula

tc2 �
1

ctipB
max
spl

. ð6Þ

For a densely protonated sample in a magnetic field of
14 T (600 MHz proton frequency) and at 4 K, Eq. (6)
yields tc2 � 75 ms. This value is still within the decoher-
ence time of the nuclei in the semiconductor tip. This is
because the comparatively lower value of the gyromag-
netic ratio ctip leads to weaker dipolar interactions,
which, accordingly, can be efficiently decoupled during
longer times.

It is worth stressing that the role played by the sample
magnetization in this scheme is merely to define the con-
tact time necessary to modulate the tip magnetization.
This is in striking contrast with the standard induc-
tion-based detection: if tc2 is kept within the optimum
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limits (<100 ms), the detection sensitivity does not de-
pend on the sample magnetization but only on parame-
ters associated with the semiconductor tip. One of these
parameters is the tip magnetization, which determines
the maximum amplitude or ‘‘scale’’ in the frequency
shift of the electronic resonance frequency (Eq. (4)).
Another key parameter is the electronic (transverse)
relaxation time since it determines the resolution or ‘‘fi-
nesse’’ df with which such changes can be read. For fixed
values of tc1, tc2, and M ð0Þ

tip , the minimum magnetization
change that one can discern is inversely proportional to
this time. For example, in GaAs at 5 K the electronic
relaxation time is �2 ns implying that df � 0.25 GHz.
This value is significantly smaller than the maximum
electronic frequency shift Dfmax, which, for this example,
is 10 GHz with a polarization of only 2% [5]. From
here it can be seen that the following ratio holds:
Fig. 5. (A) TEM image of cultured cells. The micrograph was used as a sta
point-like magnetic dipole with intensity proportional to the spin density (gra
local dipolar field Bspl was calculated as a (fictive) tip scanned the sample. For
assumed that, due to RF decoupling, spins evolved independently from thei
surface of the sample was 0.8 lm in (B), 0.2 lm in (C), and 50 nm in (D). T
resolution local NMR spectroscopy. After an initial homogeneous excitation
which a transverse component of the magnetization is stored. A purging tim
destroy any remaining spin coherence. Finally, the detection protocol is carr
FID can be reconstructed point-by-point; quadrature detection can be accom
Dfmax/df � 40. Notice that Dfmax = kMtipsin
2h indicat-

ing that it is possible to use shorter inspection pulses
(h < p/2) at the expense of a larger polarization or a
longer electronic decoherence time.

It is now realized that this scheme can be used to ob-
tain an image of the sample: i.e., when the preparation
period distributes the magnetization as in Fig. 2A, the
resulting spatial resolution is defined by the distance d

separating the center of curvature in the tip from the
sample surface. This can be observed in Fig. 5, which
displays the results of a simulation for three different
values of d. The starting point for this simulation is
the virtual (nuclear) spin distribution of Fig. 5A. Each
pixel of this micrograph (350 · 520) represents a point-
like magnetic moment having an amplitude proportion-
al to the color of the image at the site. As the tip scans
the sample, the dipolar field at the tip changes depend-
rting point of a numeric simulation in which each pixel represented a
y scale) at the site. Following the preparation protocol of Fig. 2A, the
simplicity, the sample density was assumed constant along z; it was also
r neighbors. The distance d from the center of the polarized tip to the
he ratio a/d was equal to 0.7 in all cases. (E) Pulse scheme for high-
, the sample spins evolve over a variable period of time t1 at the end of
e tp longer than the (solid) transverse relaxation time is then used to
ied out to selectively probe the sample. By incrementing t1, the NMR
plished by cycling the phase of the second p/2-pulse from x to y.
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ing on the sample density immediately close to it. Clear-
ly, the resolution improves as the distance d (and, with
it, the size of the tip) diminishes from almost 1 lm
(Fig. 5B) to 50 nm (Fig. 5D).

An important point that should be stressed is that
this method can be modified to also provide local spec-
troscopic information. Although there are several ways
to approach this, Fig. 5E illustrates a simple case. Here,
the sample evolves during an interval t1 prior to the
preparation period. By incrementing the length of t1 in
discrete steps it is possible to get the local nuclear reso-
nance spectrum. Notice that the spin evolution during t1
is unaffected by the presence of the external dipolar field
because the tip magnetization is inverted at t1/2. The
scheme can also be extended to carry out multi-dimen-
sional spectroscopy or to get selective images based on
the chemical composition of the sample. Alternatively,
it can be easily modified to introduce relaxation con-
trast. For the study of biological systems, this versatility
could offer an appealing advantage compared to other
methods such as magnetic force microscopy [20,21]
where the presence of a strongly inhomogeneous mag-
netic field induced by the ferromagnetic tip prevents a
high-resolution spectroscopic discrimination of the
nuclei.

From a general perspective, the point-by-point recon-
struction of the resonance spectrum does not significant-
ly differ from the one used in other schemes of indirect
detection. Recent examples are the encoding and ‘‘re-
mote’’ detection of hyperpolarized xenon [22] or the
reconstruction of nuclear magnetic resonance spectra
detected by a mechanical oscillator in a ‘‘gradient-free’’
permanent magnet [23]. Notice that, in the presented
method, the point-by-point reconstruction during the fi-
nal optical reading period is not a significant inconve-
nience since the electronic relaxation is very fast
(selec < 1 ls). On the other hand, because detection is
carried out at low temperatures, long nuclear relaxation
times (reaching in some cases several tens of minutes) do
represent an important limitation that has to be taken
into account. There are several tools that can be used
to mitigate this problem: for example, for a given sig-
nal-to-noise ratio, the inspection angle h in the tip
diminishes the stronger the polarization is (or the longer
the electronic relaxation time). It follows that, ideally,
only a small fraction of the tip magnetization should
be recovered after each observation. On the other hand,
the addition of paramagnetic impurities could be used to
control the sample relaxation although, in biological
samples, proton relaxation is usually fast enough [24].

Mesoscopic effects due to dipolar interactions be-
tween nuclear spins in a magnetized system were ob-
served for the first time almost 30 years ago [25].
However, remarkable applications in the area of liquid
state NMR have rendered this area a topic of recent
interest [26–29]. Here, it has been shown that, in
principle, it is possible to manipulate long-range dipolar
interactions to obtain local spectroscopic information
and to reconstruct highly resolved images in solid sys-
tems at low temperatures. This technique, for which
the name Dipolar Field Microscopy (DFM) is suggest-
ed, is based on the use of a hyperpolarized semiconduc-
tor micro-tip. After preparation and encoding periods,
the optical reading of the electronic Larmor frequency
in the semiconductor can be used to probe the sample
magnetization in a region of the sample immediately
close to the micro-tip. The spatial resolution is defined
by the distance from the center of curvature of the tip
to the sample surface. Crucial in this scheme is the
decoupling of the short-range inter-spin interactions
within the sample/tip during the preparation/encoding
period respectively. When this condition is met, the sen-
sitivity does not depend on the sample magnetization
but only on parameters associated with the tip. Perhaps
this is one of the most appealing aspects of a scheme that
simultaneously incorporates the sensitivity of optical
detection and the precise control of spin evolution, pos-
sible in modern NMR. Certainly, the practical imple-
mentation of this methodology presents important
challenges. However, given the steady and fascinating
progress in the area of nanotechnology, the viability of
DFM appears quite promising.
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