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the classical dispersion relation and static val-
ues of 0 and p, can be applied in the surface
wavelength region considered here. A detailed
discussion of experimental results in metha-
nol and other liquids will be presented elsewhere.
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be seen, these values are in reasonably good
agreement with the experimental values, and
it appears that for this liquid (methanol at 25'C)

FIG. 1. Experimental spectra of light scattered from
thermal surface vibrations on a liquid (methanol at
25'C) at three different surface wavelengths: (a) A
= 92K/n, (b) A= 77'/n, and (c) A=47K, /n, where &

=4880 A and n = 1.33. The arrows and brackets indi-
cate the frequencies and linewidths calculated from
classical theory of surface vibrations, with static val-
ues of surface tension and viscosity used. The instru-
mental bandwidth, including aperture broadening, is
estimated to be 3.4 kHz, which is also indicated.
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We report a method for determining the rate of diffusion of exchange energy in solid
Hes. Over the temperature range 0.05-0.12'K, we obtain a temperature-independent
diffusion constant D@= (0.75 +0.15)Ja, where a is the nearest-neighbor distance and J
the exchange integral.

We report what we believe to be the first
measurement of spatial diffusion of exchange
energy in a paramagnet far above the magnet-
ic transition temperature. The diffusion con-
stant DE, which is expected to be independent
of temperature' and proportional to the exchange
constant J, has been measured in the bcc phase
of solid He' using a new nmr technique. The
experiment depended on the fact that the Zee-
man system' (created by an external static
magnetic field H, ) was in good thermal contact
with the exchange system.

The constant DE is to be distinguished from
the Zeeman diffusion constant Dz, which in

He~ was first determined by Reich' and has
since been measured systematically by Thomp-
son, Hunt, and Meyer. Zeeman diffusion is
a process wherein a temperature-independent
transport of Zeeman energy results from the
exchange mechanism and can be measured us-
ing well-known nmr techniques. ' This differs
from the present experiment since we deter-
mine the rate at which the total spin energy
diffuses because of the exchange mechanism.
The determination leads then to DE.

The principle of the measurement is to heat
the spin system locally and then watch this en-
ergy diffuse through the solid. In addition to

249



VOr.UME 20, NUMBER 6 PHYSrCWI. RSVISW I.zrrZRS $ FEBRUARY L968

a static external field H, in the s direction,
there is applied a uniform gradient G = dH/dz.
Thus the spatial dependence of the spin tem-
perature can be monitored, since the Larmor
frequency is spatially dependent. The exchange
system can be heated in a thin slab of the sol-
id via the closely coupled Zeeman system by
applying rf power for several seconds. This
"burns a hole" in the wide resonance line. If
the Zeeman specific heat is chosen to be about
one-fourth of the exchange specific heat, the
effects of the Zeeman system are minimized
while .till allowing the exchange system to be
heated. The spin system must be decoupled
as well as possible from the lattice to prevent
a loss of energy by relaxation. In Fig. 1 is
shown the entire resonance line with a "hole"
burned in the center. The wiggles in the cen-
ter result from sweeping rapidly through the
sharp "hole. "

The presence of the wiggles makes this type
of data exceedingly difficult to analyze, and
suggests that pulsed nmr techniques would be
more suitable. The same information is avail-
able with pulses, since the nuclear signal fol-
lowing a pulse is the Fourier transform of the
line shape. The free induction signal will be
composed of two parts: (1) a short-lived com-
ponent due to the entire wide resonance line
and (2) a long-lived component due to the nar-
row hole.

We assume that shortly after saturation the
shape of the hole evolves into a Gaussian form.
The time-dependent Gaussian, which is obtained
by use of the Green's function for the one-di-
mensional diffusion equation, can be Fourier
transformed. The resulting normalized func-
tion describes the free induction signal after

FlQ. 1. The inhomogeneously broadened resonance
showing the sharp hole with its associated wiggles.
The width of the resonance corresponds to about 3 0
for the gradient used (15.7 0/om).

a pulse. It is found to be

G(t, v) = exp[- 2 (o,'+ 2y'G'Dv)t'],

where & is the elapsed time since beginning
the measurement (about 2-4 sec after satura-
tion), where oo is the rms width at 7'=0, and
where t starts at zero for each measuring pulse.
Spin-lattice relaxation may be accounted for
by multiplying the right-hand side by exp( —&/

T, ). The combined diffusion constant D is ob-
tained by analyzing the data a.ccording to Eq. (1).

The contribution of &E to the measured D
must be determined. Their relation is found
by considering the two energy flow equations
between the Zeeman and exchange systems
and the lattice. ' We define &ZE and &EI to
be the Zeeman-exchange and exchange-lattice
relaxation times respectively. Then, in the
limit where (v'ZE/7 ) - 0 and (&El,/v) -~, the
energy flow equations predict that the total
spin energy diffuses with a constant

w 2D +3JD

Ct' + 3'
Reflected in Eq. (2) is the fact that since the
Zeeman and exchange systems are coupled,
both contribute to the observed effect.

The experiment was performed at temper-
Btures between 0.05 and 0,12'K in order to make

rE1, sufficiently long (~ 50 sec)'~' to decouple
the spins from the lattice. Measurements were
performed at six exchange frequencies J'/2m

between 4 and 15 MHz. The latter were deter-
mined by measuring v ZE and T, and comparing
these with an analysis of previous results. ' Sat-
uration with a 2-mG rf field for -3 sec "burned
a hole" in the nmr line. Then a series of small-
angle (-4') pulses was used to observe the time-
dependent width of the hole without heating the
spin system significantly. In Fig. 2 is shown
a partial series of Gaussian decays, where
~=0 for the top trace. The traces, each last-
ing 10 msec and occurring at 3-sec intervals,
show beats which arise from mixing of the hole
signal with a leakage signal from the rf gen-
erator (slightly detuned after saturation). The
decreasing time constant due to the widening
of the hole is clearly seen.

The data were well represented by Eq. (1).
Errors are due largely to uncertainty in the
gradient and to signal-to-noise problems be-
cause of the small pulses. Another systemat-
ic error arises because of the finite TZE &0.2
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within the limits of the experiment and uncer-
tainty in the theory.

We wish to express our thanks to Dr. A. G.
Redfield for his suggestions and for permitting
us to present some of his unpublished results.
We are also deeply indebted to Dr. Horst Mey-
er for his constructive remarks on this manu-
script.

FIG. 2. The Gaussian free precession signals follow-
ing 4 pulses every 3 sec. The top trace (7=0) corre-
sponds to o0=2.3 xl02 rad/sec. The decreasing time
constant is apparent. For this sample, J/2m= 14 MHz.

sec. The Zeeman response will lag behind that
of the exchange system by an amount depend-
ing on the rates of diffusion and the cross-re-
laxation time 7 &E. However, the time asso-
ciated with diffusion is about an order of mag-
nitude longer than &ZE, so the additional er-
ror is thought negligible. Once D is obtained
using Eq. (1), DE is determined by Eq. 2 by
using a previous result~ that D = (0.35 + 0.04)J'a'.z

The results are that DE is temperature in-
dependent and proportional to Z with a slope
such that D@ = (0.75 + 0.15)Za', where a is the
nearest- neighbor distance.

Spin-diffusion constants have been predict-
ed by several authors, ' but no mention was
made of the two energy transports. Redfield
and Yu" recently calculated both Dg and DE
in the high-temperature limit by the moment
method. Their results are in essential agree-
ment with previous calculations of DZ and in-
dicate that DE is 0.67Ja', about twice Dg, for
the bcc lattice. Thus there is good agreement
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In this communication, we present recent
measurements of both the temperature and fre-
quency dependence of the velocity of sound prop-
agated through a 5.5 mole% solution of He' in
He . Attenuation measurements, which have
been extended to lower temperatures than were
obtained for those previously reported, are
also presented. ' In marked contrast to the
behavior observed in He, ' the sonic velocity

in the solution is a strong function of the tem-
perature even at the lowest temperature (35
mdeg); furthermore, the slope of the velocity-
temperature curve up to ca. 300 mdeg is in
the opposite sense to that observed in He, i.e. ,
the velocity of sound in the solution decreas-
es with increasing temperature. Also, the
attenuation at the low-temperature end goes
as a high power of the temperature rather than


