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First Direct Measurement of the Spin Diffusion Rate in a Homogenous Solid
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The first direct measurement of the rate of spin diffusion through a homogeneous sample is reported.
The measurement was performed as an incoherent scattering experiment via a combination of pulsed
gradient spin echo methods with multiple pulse, pulsed gradient spatial encoding. The measurement
records the destruction of a spin magnetization grating by the random translation of spin magnetization
associated with the flip-flop term of the homonuclear dipole-dipole interaction. For single crystal CaF
the measured parallel components of the spin diffusion rate%.are 10~'2 cm?/s along the [001] di-
rection ands.3 X 107!2 cm?/s along the [111] direction, in good agreement with theoretical predictions.
[S0031-9007(97)05199-5]

PACS numbers: 75.40.Gb, 33.25.+k, 76.60.Lz, 76.60.Pc

Spin diffusion was one of the earliest concepts in NMR The archetype measurement of spin diffusion involves
of solids having been put forth by Bloembergen in 1949 tocreating a nonuniform magnetization profile throughout
account for the unexpectedly rapid spin lattice relaxatiorthe sample and then measuring its rate of return to spatial
found in solids [1]. Since then it has been of considerablainiformity. The experimental challenges are (1) to create
theoretical and experimental interest, and yet to date ther@ spatially varying magnetization that has a characteristic
has been no direct measurement of the spin diffusion ratength scale shorter than, or on the order of, the root mean
in a homogeneous solid; we report the first such below. square displacement durinfy (Azms = ~/2DT; where

The exploration of spin diffusion in a single crystal is D ~ 107!2 cm?/s), and (2) to create this profile over a
appealing since the spin Hamiltonian is well known, thevolume that has a uniform spin Hamiltonian. Nearly all
initial conditions are well defined, and the dynamics areapproaches to creating a spatially varying magnetization
kinematically simple. The homonuclear dipolar Hamil- profile have involved the use of chemically heterogeneous
tonian contains the well-known “flip-flop” terml,. /- +  samples, either based on the morphology of semicrystalline
I_1, which permits energy conserving two-spin flips of polymers [8], diffusion to defects [9], diffusion in blends
antiparallel aligned spins, and these two-spin flips act as fL0,11], or exploring small spin systems [12]. While these
means of transporting spin magnetization through the latmeasurements are useful to characterize the morphology
tice. In Bloembergen’s original analysis the transport is toof the sample, most have little relationship to theoretical
relaxation sinks created by the fluctuating magnetic fieldstudies since the spectral difference that permitted the cre-
of paramagnetic impurities. The reduced bulk spin lat-ation of the magnetization profile complicates the analysis
tice relaxation time is then controlled by the spin diffusionby introducing a spin diffusion bottleneck where the flip-
mediated transport of magnetization to the sinks. A cleaflop term is no longer energy conserving. The case most
indication that spin diffusion does indeed govern the bulkwidely explored in theoretical models is an oriented single
relaxation rate is seen from the angular dependendg of crystal, such a€aF, [13-16].
in cubic crystals [2,3]. In the absence of spin diffusion the Kuhns, Hammel, Gonen, and Waugh [17] attempted
T, of a cubic lattice is isotropic; the observed anisotropieto carry out a direct measurement of spin diffusion in
arise from the angular dependence of the dipolar interad=aF, through a series of low temperature experiments of
tion on which the diffusion rate depends. relaxation in a single crystal whose surface was efficiently

Over distance scales long compared to the few latticeelaxed through contact with’*@He bath. The experiment
spacings, the magnetization evolves according to a macrevas designed to measure the return to thermal equilibrium
scopic diffusion equation. For the case of a sinusoidabf a sample that was initially saturated, with special
magnetization grating, Redfield [4] connected the spin difattention paid to the long time behavior so that surface
fusion constant to the line shape moments. Of course, theffects would not be important. Unfortunately, the bulk
short time behavior is unitary and a mark of the isola-'°F relaxation time was unexpectedly fast preventing the
tion of the spin system is that even over long times andong time scale necessary for the measurement.
for processes involving many spins, spin diffusion is re- We chose to approach a measurement of spin diffu-
versible (by a sign change of an effective Hamiltonian),sion as an incoherent NMR scattering experiment. The
as shown by Waugh and co-workers [5]. In systems thaessence of NMR scattering is to record the extent of
may be described as a small cluster of spins, the unitargnicroscopic transport of spin magnetization through a
behavior is very pronounced [6,7], and the diffusion analsample by directly observing amplitude and phase changes
ogy is not applicable. of a well defined spin magnetization grating. As is well
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known from coherent approaches to magnetic resonanc&ince the NMR signal is the integral of the spin magne-
imaging, the linear increasing rate of spin precession ittization over the sample (or the spatially invariant por-
a magnetic field gradient creates a spatial grating of théon of the grating), to measure the amplitude and phase
transverse nuclear spin magnetization. The grating is af the ko component of the grating, a second interval of
spatially periodic modulation of the phase of the magnespin precession in the magnetic field gradient is required
tization since over time each precessing spin picks up & unwind the grating. The NMR signal is thus a direct
phase factor ofxp[—iy(dB,/dz)zt], wherey is the gyro- measurement of a selected Fourier component of the dis-
magnetic ratio, andB,/dz is the gradient strength. This placement probability,

grating is a linear ramp of the transverse magnetization’s
relative phase and the spatial period defines a wave num-
ber, ko, that in the simplest case is proportional to the first

moment of the gradient wave form. In an NMR Scatte”nglong-time—many-spin limit of spin diffusion we expect to

experiment such a magnetization grating is created, folgpqo e 4 Gaussian displacement probability, and therefore

. . the magnetization grating is blurred by the random mo-
changes in the grating are recorded. To date, NMR scal; ., of the spin magnetizationy/_(z, A) = Me™ %% ®

tering measurements have relied on molecular diffusion tq/me_ZZ/za.z — Mookt g kDA where o —
cr?rr%/ the spin rgagnetizatio? through the sample; this is >DA. and the gratin(g); is attenuatéd by"gDA There-

the first reported instance of a scattering measurement |E4 ’ > . . L

a well defined sample where spin diffusion is responsibl Aore the_drate ofdglgn?l attenuation Vf[”thfs‘tam dlﬁ_‘usg)_?f time
for the transport of spin magnetization. Fischer, Kimmich provides a direct measurement ot the spin difiusion
and Fatkullin [18] have recently observed a contribution toCOInSttﬂmD' f lid le with st h |
magnetization diffusion in polymer melts that is attributed dipglarecgi?)ﬁn%sa ,[Shoel msezr;?rgn\;vént Smrlcj)gtgbeO?aorrr]izg eoaurt

to spin diffusion. é'n such a fashion as to account for both the short spin-

The displacement of the spin magnetization may be . o AR X
described by a displacement probabilkyAz, ¢), so that spin relaxat|(_)n time, and to sus_pend Spin ql|ffu5|on (_jur_mg
> the preparation of the magnetization grating. A similar

the final grating is the convolution of the original linear X ) ; X - .
. requirement is encountered in solid state imaging [19]
phase ramp withP(Az, 1), D~ ) ;
where a combination of multiple pulse coherent averaging

signal= j P(z,t)e *odz .

The overall measurement is outlined in Fig. 1(a). Inthe

grating= ¢** ® P(z,1). interspersed with pulsed magnetic field gradients [20]
create initial magnetization detect residual
magnetization [, | storage, magnetization
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FIG. 1. Schematic (a) and detailed diagram (b) of the NMR incoherent scattering measurement used to measure the rate of spin
diffusion in a homogeneous solid. The method starts by creating a magnetization grating through the otherwise uniform sample.
This grating results from the differential rates of spin precession for spins at different spatial offsets in a linear magnetic field
gradient. As shown in (b), the time available to create the grating is lengthened by a pair of magic echo sequences which have the
added advantage of simultaneously interrupting spin diffusion. During the storage timectimeponent of the grating is slowly

blurred (or attenuated) by spin diffusion while the transverse components rapidly decay due to the short spin-spin relaxation time.
The final period removes the spatial variation in the phase so that the extent of attenuation may be measured, and again during this
period spin diffusion is interrupted. To measure the spin diffusion constant a series of such experiments was carried out varying
both the pitch of the grating and the diffusion (or storage) time.
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TABLE I. Details of the experimental gradient conditions and resultant gratings that were
used for the measurements show in Fig. 2.

Gradient Average Average gradient
pulse length current strength k/2m
(us) (A) (G/m) (cm~")
[001] o 110 198.3 13300 5900
[001] x 90 207.4 13900 5000
[001] * 70 217.4 14600 4100
[111] o 200 183.9 12300 9900
[111] + 180 175.8 11800 8500
[111] x 140 186.3 12500 7000
[111] * 110 203.7 13600 6000

has been employed to interrupt the dipolar evolutiontimating the errors. The gradient coil constant was cali-
during the creation of magnetization gratings. In thisbrated to the known diffusion constant of water at’C5
experiment a magic echo sequence is used to periodicalgnd is67 = 2 G/cm A. The gradient wave form was di-
refocus the evolution from dipolar coupling and sincerectly measured by digitizing the voltage over a shunt to
spin diffusion is also driven by dipolar coupling there is avoid introducing calibration errors for the gradient coll
no net spin diffusion during the creation of the grating.heating. Any errors in gradient calibration are system-
The experimental ability to suppress spin diffusion duringatic and appear in the absolute diffusion constant, but not
the creation of the grating makes the analysis of then the ratio of the diffusion constants at the two orienta-
diffusion data very simple and is analogous to being in theions. TheT; was measured via the same sequence with-
“delta gradient pulse” limit for pulsed gradient diffusion out a magnetization grating. The sample was oriented and
measurements in liquids. cut with the help of x-ray diffraction techniques, but the
The detailed pulse sequence for the experiment ismall(<0.8 mm) sized crystals and limited gradient vol-
diagramed in Fig. 1(b) and described in the figure captionume made handling difficult. The free induction decays
Some details of the gradient strengths and gradient pulse
lengths are provided in Table l. The observed signal
is attenuated by both spin diffusion and spin lattice
relaxation, according te~*?i7e~*/Ti where D is the
spin diffusion coefficient for diffusion along the direction
of the main magnetic field. _
Figure 2 shows the results of a series of such measure-J [001]
ments where the time over which spin diffusion occurred i [001] 0 30 100
was systematically varied from 10 to 60 s for crystal ori- = t(s)
entations of [001] and [111], and the length scales of the & -0-8}
magnetization grating were about 1 3oum. The con- £
tribution from theT; was measured in a separate set of
experiments at these orientations and has been subtracted. [111]
These two orientations were chosen since they show the |
greatest variation i’ F line shape second moments [21] , . , .
(see inset of Fig. 2). As expected, spin diffusion is Gauss- 0 1 2
ian over this length scale and changes with orientation. kzt(lo”s/cm2)
The results are compiled in Table Il along with a theoreti-
cal prediction of Redfield and Yu from a moment calcu-FIG. 2. Measured signal attenuation from @aF, single
lation [14] (the value for each orientation was calculatedcrystal oriented with either the [001] or [111] axis along

; the main magnetic field. The contributions to the signal
for 2200 > 200 x 200 lattice), Borckmans and Walgraef attenuation from7; relaxation have been subtracted. The

b_ased on irrevergible statistical methanics [15], and & CIa%ﬁffusion measurements were made with the sequence shown
sical spin dynamic approach of Tang and Waugh [16]. in Fig. 1, with 7 = 60 us for the [001] orientation and =

The accuracy of the measured spin diffusion coeffi-60 or 100 us for the [111] orientation. Both the gradient
cients depends on the calibration of the gradient coil conpulse lengths and the gradient strengths were varied in the

stant, the gradient wave form, an accurate measurement ?fperiments; the details are contained in Table I. Notice that
’ ’ or each orientation the data are well described by a straight

Ty, a’?d _the correct orlerjtatlon of th_e crystal. A deta”e‘inne, and that the [001] data decay more rapidly than does the
description of the experimental design and probe geomg111]. The inset shows the free induction decay for the two
try will be reported elsewhere, here we will focus on es-orientations.
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TABLE Il. Compiled results of this measurement and previous predictions for single crystal
CaF,. T, is the spin-lattice relaxation time, anfl; is the component of spin diffusion
coefficient parallel to the external magnetic field.

Orientation [001] [111]
T, (s) (measured) 1147 £53 156.8 * 9.7
Dy (107'2 cm?/s) (measured) 7.14 + 0.52 5.31 + 0.34
Dy (10712 cm?/s) (Ref. [14]) 8.22 6.71
Dy (10712 cm?/s) (Ref. [15]) 6.98 4.98
Dy (10712 cm?/s) (Ref. [16]) 7.42

shown as the inset of Fig. 2 are, however, consistent witfroundation (DMR-9357603), the Center for Materials
those previously reported and so any errors in crystal oriScience and Engineering at MIT, and the National Insti-
entation are small. tute of Health (RR-00995).

The agreement between the measured values and theo-
retical predictions are quite good; in addition, the ratio
of the diffusion constant®(0,0,1)/Dy(1,1,1) = 1.3,
which does not suffer from a systematic error from the *Author to whom correspondence should be addressed:
gradient coil constant calibration, agrees well with the NW14-4111, 150 Albany St., Cambridge, MA 01236
predictions of 1.2 [14] and 1.4 [15]. (email: dcory@mit.edu).
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