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First Direct Measurement of the Spin Diffusion Rate in a Homogenous Solid
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Department of Nuclear Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts

(Received 22 September 1997)

The first direct measurement of the rate of spin diffusion through a homogeneous sample is repor
The measurement was performed as an incoherent scattering experiment via a combination of pu
gradient spin echo methods with multiple pulse, pulsed gradient spatial encoding. The measurem
records the destruction of a spin magnetization grating by the random translation of spin magnetizat
associated with the flip-flop term of the homonuclear dipole-dipole interaction. For single crystal CaF2,
the measured parallel components of the spin diffusion rates are7.1 3 10212 cm2ys along the [001] di-
rection and5.3 3 10212 cm2ys 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
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Spin diffusion was one of the earliest concepts in NM
of solids having been put forth by Bloembergen in 1949
account for the unexpectedly rapid spin lattice relaxatio
found in solids [1]. Since then it has been of considerab
theoretical and experimental interest, and yet to date th
has been no direct measurement of the spin diffusion ra
in a homogeneous solid; we report the first such below.

The exploration of spin diffusion in a single crystal is
appealing since the spin Hamiltonian is well known, th
initial conditions are well defined, and the dynamics a
kinematically simple. The homonuclear dipolar Hamil
tonian contains the well-known “flip-flop” term,I1I2 1

I2I1, which permits energy conserving two-spin flips o
antiparallel aligned spins, and these two-spin flips act a
means of transporting spin magnetization through the la
tice. In Bloembergen’s original analysis the transport is
relaxation sinks created by the fluctuating magnetic fiel
of paramagnetic impurities. The reduced bulk spin la
tice relaxation time is then controlled by the spin diffusio
mediated transport of magnetization to the sinks. A cle
indication that spin diffusion does indeed govern the bu
relaxation rate is seen from the angular dependence ofT1
in cubic crystals [2,3]. In the absence of spin diffusion th
T1 of a cubic lattice is isotropic; the observed anisotropie
arise from the angular dependence of the dipolar intera
tion on which the diffusion rate depends.

Over distance scales long compared to the few latti
spacings, the magnetization evolves according to a mac
scopic diffusion equation. For the case of a sinusoid
magnetization grating, Redfield [4] connected the spin d
fusion constant to the line shape moments. Of course,
short time behavior is unitary and a mark of the isola
tion of the spin system is that even over long times an
for processes involving many spins, spin diffusion is re
versible (by a sign change of an effective Hamiltonian
as shown by Waugh and co-workers [5]. In systems th
may be described as a small cluster of spins, the unita
behavior is very pronounced [6,7], and the diffusion ana
ogy is not applicable.
0031-9007y98y80(6)y1324(4)$15.00
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The archetype measurement of spin diffusion involv
creating a nonuniform magnetization profile througho
the sample and then measuring its rate of return to spa
uniformity. The experimental challenges are (1) to cre
a spatially varying magnetization that has a characteri
length scale shorter than, or on the order of, the root m
square displacement duringT1 sDzrms ­

p
2DT1 where

D , 10212 cm2ysd, and (2) to create this profile over
volume that has a uniform spin Hamiltonian. Nearly a
approaches to creating a spatially varying magnetizat
profile have involved the use of chemically heterogeneo
samples, either based on the morphology of semicrystal
polymers [8], diffusion to defects [9], diffusion in blend
[10,11], or exploring small spin systems [12]. While the
measurements are useful to characterize the morpho
of the sample, most have little relationship to theoreti
studies since the spectral difference that permitted the
ation of the magnetization profile complicates the analy
by introducing a spin diffusion bottleneck where the fli
flop term is no longer energy conserving. The case m
widely explored in theoretical models is an oriented sing
crystal, such asCaF2 [13–16].

Kuhns, Hammel, Gonen, and Waugh [17] attempt
to carry out a direct measurement of spin diffusion
CaF2 through a series of low temperature experiments
relaxation in a single crystal whose surface was efficien
relaxed through contact with a3He bath. The experimen
was designed to measure the return to thermal equilibr
of a sample that was initially saturated, with spec
attention paid to the long time behavior so that surfa
effects would not be important. Unfortunately, the bu
19F relaxation time was unexpectedly fast preventing t
long time scale necessary for the measurement.

We chose to approach a measurement of spin di
sion as an incoherent NMR scattering experiment. T
essence of NMR scattering is to record the extent
microscopic transport of spin magnetization through
sample by directly observing amplitude and phase chan
of a well defined spin magnetization grating. As is we
© 1998 The American Physical Society
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known from coherent approaches to magnetic resona
imaging, the linear increasing rate of spin precession
a magnetic field gradient creates a spatial grating of t
transverse nuclear spin magnetization. The grating is
spatially periodic modulation of the phase of the magn
tization since over time each precessing spin picks up
phase factor ofexpf2igs≠Bzy≠zdztg, whereg is the gyro-
magnetic ratio, and≠Bzy≠z is the gradient strength. This
grating is a linear ramp of the transverse magnetization
relative phase and the spatial period defines a wave nu
ber,k0, that in the simplest case is proportional to the fir
moment of the gradient wave form. In an NMR scatterin
experiment such a magnetization grating is created, f
lowed by an interval of evolution, and then the resulta
changes in the grating are recorded. To date, NMR sc
tering measurements have relied on molecular diffusion
carry the spin magnetization through the sample; this
the first reported instance of a scattering measuremen
a well defined sample where spin diffusion is responsib
for the transport of spin magnetization. Fischer, Kimmic
and Fatkullin [18] have recently observed a contribution
magnetization diffusion in polymer melts that is attribute
to spin diffusion.

The displacement of the spin magnetization may
described by a displacement probabilityPsDz, td, so that
the final grating is the convolution of the original linea
phase ramp withPsDz, td,

grating­ eik0z ≠ Psz, td .
of spin
ample.
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FIG. 1. Schematic (a) and detailed diagram (b) of the NMR incoherent scattering measurement used to measure the rate
diffusion in a homogeneous solid. The method starts by creating a magnetization grating through the otherwise uniform s
This grating results from the differential rates of spin precession for spins at different spatial offsets in a linear magneti
gradient. As shown in (b), the time available to create the grating is lengthened by a pair of magic echo sequences which h
added advantage of simultaneously interrupting spin diffusion. During the storage time thez component of the grating is slowly
blurred (or attenuated) by spin diffusion while the transverse components rapidly decay due to the short spin-spin relaxatio
The final period removes the spatial variation in the phase so that the extent of attenuation may be measured, and again du
period spin diffusion is interrupted. To measure the spin diffusion constant a series of such experiments was carried out
both the pitch of the grating and the diffusion (or storage) time.
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Since the NMR signal is the integral of the spin magn
tization over the sample (or the spatially invariant po
tion of the grating), to measure the amplitude and pha
of the k0 component of the grating, a second interval o
spin precession in the magnetic field gradient is requir
to unwind the grating. The NMR signal is thus a direc
measurement of a selected Fourier component of the d
placement probability,

signal­
Z

Psz, tde2ik0zdz .

The overall measurement is outlined in Fig. 1(a). In th
long-time–many-spin limit of spin diffusion we expect to
observe a Gaussian displacement probability, and theref
the magnetization grating is blurred by the random m
tion of the spin magnetization,Mzsz, Dd ­ M0e2ik0z ≠

1y
p

2ps e2z2y2s2
­ M0e2ik0ze2k2

0 DD, where s ­p
2DD, and the grating is attenuated bye2k2

0 DD. There-
fore the rate of signal attenuation with spin diffusion tim
D provides a direct measurement of the spin diffusio
constantD.

In the case of a solid sample with strong homonucle
dipolar couplings, the measurement must be carried
in such a fashion as to account for both the short sp
spin relaxation time, and to suspend spin diffusion durin
the preparation of the magnetization grating. A simila
requirement is encountered in solid state imaging [1
where a combination of multiple pulse coherent averagi
interspersed with pulsed magnetic field gradients [2
1325
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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 ky2p

(ms) (A) (Gym) scm21d
[001] o 110 198.3 13 300 5 900
[001] x 90 207.4 13 900 5 000
[001] * 70 217.4 14 600 4 100

[111] o 200 183.9 12 300 9 900
[111] + 180 175.8 11 800 8 500
[111] x 140 186.3 12 500 7 000
[111] * 110 203.7 13 600 6 000
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has been employed to interrupt the dipolar evolutio
during the creation of magnetization gratings. In th
experiment a magic echo sequence is used to periodic
refocus the evolution from dipolar coupling and sinc
spin diffusion is also driven by dipolar coupling there i
no net spin diffusion during the creation of the grating
The experimental ability to suppress spin diffusion durin
the creation of the grating makes the analysis of t
diffusion data very simple and is analogous to being in t
“delta gradient pulse” limit for pulsed gradient diffusion
measurements in liquids.

The detailed pulse sequence for the experiment
diagramed in Fig. 1(b) and described in the figure captio
Some details of the gradient strengths and gradient pu
lengths are provided in Table I. The observed sign
is attenuated by both spin diffusion and spin lattic
relaxation, according toe2k2Dkte2tyT1 , where Dk 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 measu
ments where the time over which spin diffusion occurre
was systematically varied from 10 to 60 s for crystal or
entations of [001] and [111], and the length scales of t
magnetization grating were about 1 to3 mm. The con-
tribution from theT1 was measured in a separate set
experiments at these orientations and has been subtrac
These two orientations were chosen since they show
greatest variation in19 F line shape second moments [21
(see inset of Fig. 2). As expected, spin diffusion is Gaus
ian over this length scale and changes with orientatio
The results are compiled in Table II along with a theore
cal prediction of Redfield and Yu from a moment calcu
lation [14] (the value for each orientation was calculate
for a 200 3 200 3 200 lattice), Borckmans and Walgraef
based on irreversible statistical methanics [15], and a cl
sical spin dynamic approach of Tang and Waugh [16].

The accuracy of the measured spin diffusion coef
cients depends on the calibration of the gradient coil co
stant, the gradient wave form, an accurate measuremen
T1, and the correct orientation of the crystal. A detaile
description of the experimental design and probe geom
try will be reported elsewhere, here we will focus on e
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timating the errors. The gradient coil constant was ca
brated to the known diffusion constant of water at 15±C
and is67 6 2 Gycm A. The gradient wave form was di-
rectly measured by digitizing the voltage over a shunt
avoid introducing calibration errors for the gradient co
heating. Any errors in gradient calibration are system
atic and appear in the absolute diffusion constant, but n
in the ratio of the diffusion constants at the two orienta
tions. TheT1 was measured via the same sequence wi
out a magnetization grating. The sample was oriented a
cut with the help of x-ray diffraction techniques, but th
small s,0.8 mmd sized crystals and limited gradient vol
ume made handling difficult. The free induction decay

FIG. 2. Measured signal attenuation from aCaF2 single
crystal oriented with either the [001] or [111] axis along
the main magnetic field. The contributions to the sign
attenuation fromT1 relaxation have been subtracted. Th
diffusion measurements were made with the sequence sho
in Fig. 1, with t ­ 60 ms for the [001] orientation andt ­
60 or 100 ms for the [111] orientation. Both the gradient
pulse lengths and the gradient strengths were varied in
experiments; the details are contained in Table I. Notice th
for each orientation the data are well described by a straig
line, and that the [001] data decay more rapidly than does
[111]. The inset shows the free induction decay for the tw
orientations.
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TABLE II. Compiled results of this measurement and previous predictions for single crysta
CaF2. T1 is the spin-lattice relaxation time, andDk is the component of spin diffusion
coefficient parallel to the external magnetic field.

Orientation [001] [111]

T1 (s) (measured) 114.7 6 5.3 156.8 6 9.7
Dk s10212 cm2ysd (measured) 7.14 6 0.52 5.31 6 0.34
Dk s10212 cm2ysd (Ref. [14]) 8.22 6.71
Dk s10212 cm2ysd (Ref. [15]) 6.98 4.98
Dk s10212 cm2ysd (Ref. [16]) 7.42 · · ·
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shown as the inset of Fig. 2 are, however, consistent w
those previously reported and so any errors in crystal o
entation are small.

The agreement between the measured values and th
retical predictions are quite good; in addition, the rati
of the diffusion constantsDks0, 0, 1dyDks1, 1, 1d ­ 1.3,
which does not suffer from a systematic error from th
gradient coil constant calibration, agrees well with th
predictions of 1.2 [14] and 1.4 [15].

The spin diffusion rate was also measured for
second crystal with a shorterT1, therefore containing
more defects, oriented along the [111] direction. A
expected, the measuredDk is not a function of the defect
density. In these scattering measurements the defe
introduce spectral mismatches in the surrounding spin
and hence, locally suppresses the spin diffusion ra
The flow of magnetization which attenuates the gratin
therefore naturally goes around the defect and exclud
it from the dynamics. Provided that the defect densit
is sufficiently low, the effective tortuosity so introduced
does not measurably increase the diffusion constant.

In conclusion, we have made the first direct mea
surement of spin diffusion rate in a homogeneous soli
single crystalCaF2, and the absolute value and orienta
tion dependence agree well with theoretical prediction
The experiment is an example of an incoherent NMR sca
tering measurement with multiple pulse coherent avera
ing to both lengthen the time during which a grating ma
be established and interrupt spin diffusion during the cr
ation of the grating. The measurement required a spec
purpose NMR probe with20 000 Gycm pulsed gradients,
to be described in detail elsewhere. Using the framewo
of NMR scattering and our newly developed apparatus,
will be possible to extend these studies to the investigati
of spin dynamics in a strongly coupled system as a fun
tion of both time and length scales. We anticipate th
such studies will provide information that was previousl
unmeasurable on multibody dynamics in the mesoscop
domain.
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