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In recent years, field gradient NMR has become a method of
increasing importance in measuring very small dislocations of mol-
ecules. Rough estimations indicate that, by utilizing large field
gradients, one should be able to detect motions down to the 10-
nm scale. However, this limit has not yet been experimentally
detected. In this paper, we present a method that allows the direct
measurement of the spatial resolution of field gradient NMR. For
our experimental setup, utilizing an extremely large static field
gradient of about 180 T m™, we find a lower limit of 7 nm, thus
for the first time confirming the expected resolution. Furthermore,
we discuss the effect of unwanted vibrations as a limiting factor
of the method. © 1998 Academic Press
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INTRODUCTION

The anal ogy between the stimulated echo diffusion experi-
ment in field gradient NMR and scattering experiments was
for the first time pointed out by Hertz (1) and later taken
up by others (seeg, for instance, (2-5)). It raises the question
of how these methods compare with each other with respect
to the dynamical ranges covered. While the time scales avail-
able to the experiments are completely different (1072 to
10° sfor NMR, 10 *2 to 10~° s for neutron scattering), this
does not hold for the spatia resolution. Neutron scattering
is sensitive to motions with amplitudes in the range from
0.01 to 10 nm. Large spatial dislocations on the micrometer
scale have been extensively measured with NMR methods
(6, 7), but no experiment so far proved the theoretical esti-
mation (8, 9) of alower limit better than 10 nm.

In this paper, we describe an experiment that directly
demonstrates the spatial resolution of field gradient NMR.
The basic principle is rather simple; the whole sample is
mechanically moved, i.e., oscillated sinusoidally with well-
defined frequency and amplitude. As atranslatory motion in
the inhomogenous magnetic field, these oscillations show up
in the stimulated echo decay. The smallest amplitude that
till affectsthe attentuation curve then gives us the resolution
limit we are looking for. We should note that one must be
careful with the meaning of ‘‘spatial resolution.” It does
not mean, as in common imaging experiments, the smallest
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fraction of the sample we can selectively look at. Rather,
we examine the sample as a whole and use the dynamics of
a moving spin species to explore structure and dynamics on
a microscopic scale. In this case, one would better speak of
a ‘‘dynamical spatial resolution,”’ thus also referring to the
terminology of ‘*dynamical imaging’’ sometimes applied for
this technique.

By quantitatively eval uating the effect oscillations have on
field gradient NMR, we also gain insight into the influence
of unwanted vibrations by various sources (e.g., building
vibrations). These turn out to impose limits on the experi-
ment. Problems of this kind have been reported in the past
(8, 10).

THEORY

First of all, we must analyze the effect of a coherent
oscillation of al nuclear spins on the stimulated echo decay
curve. Figure 1 shows the stimulated echo pulse sequence.
Since we use a static field gradient (SFG NMR), as shown
in Fig. 2, no gradient pulses are necessary (11). The ampli-
tude of the stimulated echo can be written as a one-particle
correlation function multiplied by two factors that take into
account the spin—spin (T,) and spin—lattice relaxation (T,)
(12, 13).

Let us take the normalized echo amplitude S as a starting
point,

S(Q, t) — e—27-/T2 . e—t/T1 . <e—iQr(O)eiQr(t)>, [1]

where the dephasing time 7 and mixing time t are defined
in Fig. 1, the generalized scattering vector Q is given by Q
= yg7 (gyromagnetic ratio -y, magnetic field gradient g),
and r(0) and r(t) denote the positions of a nuclear spin at
times 0 and t, respectively. As in scattering experiments,
Q tindicates the spatial displacements the experiment looks
at. The term inside the angle brackets is to be evaluated as
an ensemble average over al spins, taking into account the
probability of a spin moving from r(0) to r(t) within the
timet. Asan example, consider afree Fickian diffusion with
diffusion coefficient D. In this case the probability function,
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FIG. 1. Stimulated echo pulse sequence, (7/2)—7—(7/2),—t—(=/

2),—7—echo, consisting of dephasing time 7, mixing timet, and rephasing
time 7. With field gradient NMR, the attenuation of the echo amplitude
indicates translatory motion within the mixing time. The condition 7 < T,
<t < T, must be fulfilled.

often called the propagator, takes the form of a Gaussian
giving rise to the well-known equation

$(Q,t) = e 2T, . @ tT; . g Q%D [2]

Now we must examine an oscillatory motion of the spins

with angular frequency €2, amplitude R, and phase ¢ at the

beginning of the pulse sequence, which is parametrized by

r(t) = ro(t) + Rsin(Qt + ¢). [3]

By adding a time-dependent offset rq(t), we dtill take into

account the superposition of a diffusive process. Taking to-

gether Egs. [1] and [ 3], and noticing the fact that the oscilla

tion is not of statistical nature, we get for the stimulated
echo decay

S(Q. 1)

—e 2T g Ty, <efiQr0(0)eiQrD(t)> . @ QRISN(Qt+g) —sn(4)]

[4]
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FIG. 2. Plot of the magnetic field profile (—) and gradient (---) along
the room-temperature bore.
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FIG. 3. Simulation of an oscillation experiment (frequency: 50 Hz)
with ny., numbers of accumulations. Solid line: theory curve (Ny, — ©).
For at least 100 accumulations, theory and simulations agree well.

where the first two terms account for relaxation, the third
accounts for diffusion, and the last one accounts for the
oscillatory motion. All experiments were performed once
with and once without an oscillating sample, so that, by
dividing Eq. [4] through Eg. [1], we can proceed to the
relaxation- and diffusion-normalized correlation function

Sie(Q, t) = eiOR(Sn(QL¢)—sn(d) [5]
Due to the fact that we must accumulate the NMR signal to
get an appropriate signa-to-noise ratio and assuming no
phase correlation between the oscillation and the repetition
frequency of the experiment, we finally must sum over a
number of phases ¢. Having a sufficient number of accumu-
lations, this can be approximated by the integral

2m
ei QR(S'n(&lH—d))—S'n(qﬁ))qu.

Sw(Q.0 = [

0

[6]

In order to estimate the number of accumulations necessary
to justify this approximation, we simulated the experiment.
Figure 3 proves that we have to accumulate at least 100
times to get a sufficient agreement. This is the minimum
number used in the experiments.

Equation [ 6] describes the theoretical curve used to ana-
lyze and fit our data. We will refer to it as the phase averaged
oscillation correlation function. Recognize that it depends
only on two parameters, namely the oscillation frequency 2
and the product of scattering vector Q and oscillation ampli-



SPATIAL RESOLUTION OF FIELD GRADIENT NMR

\\‘\\;‘“\

/7'\\‘\\
/ N\
.

Al
i :/l:']
W/I

//;‘“““\‘“

|

\ i
‘\\‘\\‘ \\\\ B

’

S(QR, t)

0025

FIG. 4. Theoretically predicted effect of a 20-Hz oscillation on the
stimulated echo decay, calculated by Eq. [6] as a function of QR and t.
To point out the details, we omitted the time interval from O to 0.025 s.
The function is periodic in t with a period of 1/20 s.

tude R. Figure 4 shows the shape of Eq. [6] as a function
of t and QR. All experiments shown below measure decay
curves with variable t at constant QR.

It is fascinating to see how far the analogy between field
gradient NMR and scattering experiments reaches. In a re-
cent work Jex et al. (14) show that a similar formalism
holds for Bragg scattering of synchroton radiation by an
oscillating quartz crystal.

EXPERIMENTAL SETUP

All measurements were performed with a homebuilt
SFG spectrometer. Specia attention should be given to
the cryomagnet used (Oxford Instruments, Oxford, UK).
Utilizing an **anti-Helmholtz'’ -like arrangement of coils,
field gradients up to 200 T m™* are available (for further
details, see (8, 15)). AsQisproportional to the gradient,
large gradients are necessary to achieve a high spatial
resolution. Special care has been taken to mechanically
decouple the magnet system from the environment. A
damping setup turns out to be crucial to avoid the influ-
ence of vibrations, e.g., of thewhole building, since every
motion of the sample relative to the magnetic field shows
up in the experiment.

The probe head used to oscillate the sample was espe-
cially designed for thispurpose. It is based on a piezoel ec-
tric transposer, available commercially (Pl GmbH & Co,
Waldbronn, Germany). This transposer, placed outside
the magnet, elongates up to 8 um when a voltage of 120
V is applied. In our experiments, we applied sinusoidal
voltages with frequencies of 20 and 40 Hz and amplitudes
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from about 0.2 to 7 V. The induced mechanical oscilla-
tions of the transposer are directly transfered by a stiff
tube to a small Teflon block approximately 28 x 16 X
58 mm in size. The radiofrequency transmission line is
placed inside the tube. Within the Teflon block, the whole
resonant circuit consisting of atuning capacitor (ceramics
type) in series, aparallel matching capacitor (micatype),
and a coil carrying the sample is tightly fitted. By doing
so, a direct transfer of the oscillations to the sample is
achieved. We note that a quantitative estimation of the
oscillation amplitude based on the voltage applied to the
piezo is not possible due to unavoidable mechanical
losses at the junctions. Figure 5 shows the setup scheme.

In the choice of the sample material, we were guided by
two aspects. First of al, the diffusion coefficient should
be small such that the diffusive motion does not mask the
oscillations. At the same time, along T, value is necessary.
By limiting the dephasing time = which is proportiona to
Q, T, plays an important role in the maximum resolution
achievable. As a sample that meets both conditions at the
same time, PDM S (polydimethylsiloxane) with a molecular
weight of 603,000 is chosen (purchased from Polymer Stan-
dard Service, Mainz, Germany). For this polymer, we mea-
sured a diffusion coefficient of D = 2.0 X 10 ®* m? s at
atemperature of 287 K and estimated a spin—spin relaxation
timeof T, = 3 X 1073 s. Thus, this sample isideally suited
for our purpose.

All experiments were performed at a proton resonance
frequency of 95 MHz according to a magnetic field of 2.1
T. For this field, regarding Fig. 2, we find two resonance
positions with gradients of 57 and 173 T m™*, respectively.
These values are consistently obtained by data of the manu-
facturer, our own hall probe measurements, and diffusion
measurements in H,O as a sample with a well-known diffu-
sion coefficient.

‘ i ic transposer
U(t)—% piezoelectric transp

cryomagnet

teflon block

A

damping setup

FIG. 5. Experimental setup. For details, refer to the text.
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FIG. 6. Series of measurements with oscillating sample (frequency: 20
Hz) in the smaller gradient of 57 T m™. Different Q values have been
realized by adjusting 7. Solid lines represent best fits to Eq. [6]. The
oscillation amplitude for all measurements is R = 535 nm.

RESULTS

To test our theoretical predictions, we first looked at ex-
periments performed in the field gradient of only 57 T m™*.
Figure 6 showstheresults of aset of measurements. Theonly
parameter that discerns these measurements is the scattering
vector. Q is varied from 0.76 X 1073 to 14.5 X 10~* nm™*
by choosing different dephasing times =. As noted earlier,
we measured once with and once without oscillations, and
all results are shown in normalized form. The data are fitted
to Eq. [6] by a least-squares algorithm. We point out the
fact that the only free parameter in this procedure is the
amplitude R of the oscillation. Comparing experiments with
theoretical predictionsin Fig. 6, they obviously fit well. The
oscillation amplitude that governs the shape of the entire
series is 535 + 10 nm.

As the next step we took a similar series of measurements
in the large gradient of 173 T m™*. This time, larger Q
values in the range from 5.65 X 10 ®t0 47.3 X 10 ° nm™*
and a smaller oscillation amplitude are used. The results are
shown in Fig. 7. Obviously the data and the fitted oscillation
correlation function Eq. [6] (dotted curve) deviate signifi-
cantly, especialy in the regions between the maxima. A
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better agreement can be achieved if one considers a distribu-
tionin QR. InFig. 7 curves assuming a Gaussian distribution
are aso plotted, and they agree well with the measured
data. With this assumption, we get an oscillation amplitude
centered at 156 = 3 nm with avariance of 35 = 3 nm which
again fits the entire series.

We propose two possible mechanisms responsible for a
distribution. First, by regarding the magnetic field calcula-
tions of the manufacturer, the field gradient turns out to
vary somewhat over the dlice of the sample selected in the
experiment, thus explaining a distribution in Q. For the sam-
ple arrangement used, this would account for a distribution
width of approximately 10% of the center gradient which is
only half of the observed value. Ancther possibility is a
distribution of oscillation amplitudes. One would imagine
the highly viscous polymer as some kind of shaken gelatin
that shows a lower amplitude at the surface of the sur-
rounding glass tube than in the middle of the sample. Most
probably the two mechanisms sum up to the observed effect.
We also learn from Fig. 7 that whenever an experiment takes
place at small values of the product QR, no deviations of
the data from Eq. [6] are observable. In fact, the mean

5.65

10.3

14.9

19.5

242

Q/ 10° nm

Sose(t)

28.8

334

38.0

42.7

47.3

50 100
£/10°s

FIG. 7. Anaogue to Fig. 6, but in a gradient of 173 T m™*. The axes
with S,¢. = 0 have been omitted to exhibit the details. Dotted lines represent
best fits to Eq. [6]; for the solid lines a Gaussian distribution in QR has
been assumed, leading to a mean amplitude of 156 nm and a variance of
35 nm.
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FIG. 8. Seriesof measurementsin the large gradient with an oscillation
amplitude of 14 nm. The oscillation frequency here is 40 Hz.

oscillation amplitudes would not be affected by adistribution
at all.

We now return to the question of the spatial resolution of
field gradient NMR. In Figs. 8 and 9 we present two series
of measurements at small oscillation amplitudes that utilize
Q values up to 84 x 103 nm*. While the data in Fig. 8
with an amplitude of 14.0 + 0.5 nm still distinctly display
the oscillations, this becomes more spuriousin Fig. 9. Here,
the diffusive motion starts to dominate. Nevertheless, an
amplitude of 6.6 = 0.4 nm can still be significantly fitted.
At the moment, this is the smallest amplitude we have seen.
We note that so far thislimit is given rather by the imperfect
transmission of the piezo oscillations down to the sample.
A more sophisticated setup may well permit even smaller
amplitudes.

To demonstrate the effect of vibrations in the surrounding

SOSC(t)

t/10°s

FIG. 9.
6.6 nm.

Resolving the limits: the effect of an oscillation amplitude of
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FIG. 10. The effect of a mechanical pump running near the undamped
cryomagnet with a vibration frequency of 50 Hz. If the damping setup is
enabled, no oscillations show up.

of the experimental setup, we ran amechanical pump (rotary
type, vibrating with a frequency of 50 Hz) at a distance of
approximately 1 m from the cryomagnet. For this measure-
ment, the damping system was disabled. The datain Fig. 10
clearly indicate the dramatic effect the pump oscillations
have on the stimulated echo. They result in an oscillation
amplitude of 7.4 = 0.3 nm of the sample relative to the
magnet. If we perform the same experiment with the damp-
ing setup enabled, no oscillations show up in the data

CONCLUDING REMARKS

The effect of an oscillatory sample motion on the stimu-
lated echo experiment in field gradient NMR has been dis-
cussed in detail. From the theory side, we ended up with an
expression for the oscillation correlation function which is
directly measurable. Experiments have turned out to be in
good agreement with the theoretical predictions. The small-
est motion amplitude observable experimentally finaly gives
us a spatial resolution of field gradient NMR better than 7
nm. However, this holds only for samples that meet the two
conditions of slow diffusion and long spin—spin relaxation
time. These conditions are ideally exemplified by polymers,
thus recommending the method for the study of dynamics
in these systems.

We have further shown that vibrations in the surrounding
of the magnet affect the stimulated echo experiment if one
works with high Q values. In the case of more complicated
frequency spectraof the vibrations, they may be less obvious
in the attenuation curves. One would expect smaller echo
amplitudes or anomalous high scattering in the data due to
“‘phase noise.”’ In the worst case, the decay due to oscilla-
tions may be misinterpreted as diffusion, resulting in a too
large diffusion coefficient. Our damping setup proves suffi-
cient to suppress these effects.
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The main issue of this paper was to demonstrate experi-
mentally the limits of spatial dimensions accessible by field
gradient NMR. We have shown that in this respect field
gradient NMR closes up with neutron scattering, thus once
more illustrating the importance of these two methods as
complementary experiments.
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