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It is easy to see that one such function is

d-/r+ = —(1 - e ) exp(-x/Xd), (6)

which possesses the added convenience that (6)
may be evaluated in closed form. The result is'

U(e) = -8(1 —2EE2(2e )f&

from which we obtain the equation of state

P/n = 8(1 —ze —~e' inc + O(e')f.

(9)

(10)

Ne have shown that the equation of state for an
electron gas in a positive background follows
straightforwardly from the truncated Liouville
hierarchy. The results obtained agree (to the
extent to which three-particle correlations may
be neglected) with the results of Abe, ' Friedman, '
and Guernsey' obtained by other methods. Vfe

are presently considering the effects of higher
order correlations.

The author is indebted to M. Kruskal and
I. Bernstein for helpful discussions, and to
E. Frieman for suggesting the problem.
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In solid 'He the atomic wave functions overlap
because of the finite mass of the SHe atoms ("zero-
point motion"). The requirement for antisym-
metry of the total wave function under exchange
of any two atoms then leads to a nuclear spin-
dependent energy usually discussed in terms of
the two-body exchange interaction J defined by the
phenomenological exchange Ha.miltonian

x =- —,'KJP' I - I
ex

change heat capacity

C = 350C
ex Z'

for a sample and magnetic field for which the
value calculated from the measured T, and T„
by means of the relation

c =' vz(az)2/u r2
ex ~

gives

(2)

(where 5 ' runs only over the z nearest neighbors
of each atom). Values of 4 in both bcc and hcp
(3.5 A&a &3.65 A), (3.38 A&a &3.63 A) 'He have
recently been published as a result of Ty and
measurements and of a consistent theoretical in-
terpretation. '&' In this density range, 8/2v & 2. 7

Mc/sec. Several workers have attempted to mea-
sure the heat capacity associated with this mea-
sured exchange intera. ction in solid He, but have
thus far been able only to set upper limits on the
heat capacity measured calorimetricallys~ and a
lower limit in a spin-echo experiment. This
Letter presents the first actual measurements
of the exchange heat capacity Cex. In terms of
the Zeeman heat capacity CZ, we find the ex-

Q = 0.084C
ex

a discrepancy of a factor 4000. [We also confirm
in detail the exchange-lattice relaxation mecha-
nism (Raman effect) which was reported previous-
ly, ' but which has rema, ined a subject of contro-
versy. ]

In Fig. 1, the Zeeman, exchange, and lattice
reservoirs are coupled as shown. The present
experiment was done at a field such that the Zee-
man-exchange cross-relaxation time Ty = TZE
= 0.15 sec, while the bath temperature TL was
low enough that the diffusion-induced Zeeman-
to-lattice relaxation time TZL-~. For the mea-
surement of the exchange-bath heat capacity,
we worked at TL =0.45'K, so that the exchange
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temperatures following and preceding the 90' pulse.
h and hf are the echo amplitudes (proportional to
the net magnetization and thus kf ~ 1/Tf) before
and after the 90' pulse. Should it require ne 90'
pulses (ne»1) to reduce kf to k;/e, we find

C /C =1/n . (s)

In the (attainable) approximation tha. t TEI, —~,
each successive 90' pulse applied to the Zeeman
system reduces the pulse amplitude h~ to

FIG. 1. The Zeeman, exchange, and lattice thermal
reservoirs are shown each with its temperature 7 Z,
TE, or TL. The heat-transfer time constants TZE,
TZI, and TEI are defined in terms of the energy
transfer rate and the heat capacity of that bath, the
initial letter of which comes first in the subscript.

k /h. =e with e =C /(C +C ).f & E E Z

Thus n pulses will give

=h.e
g

(10)

bath was almost decoupled from the lattice (TEL
~ 100 minutes). The heat capacity was measured
by feeding known amounts of energy AQ into the
exchange bath and by mea. suring the accompany-
ing temperature rise AT (using the Zeeman sys-
tem as a thermometer). Then

C = ~Q/~T.
ex

The energy AQ is delivered to the exchange bath

by applying one pulse (or a sequence of pulses)
of resonant radio-frequency field of amplitude

2B, and duration tp, producing a nutation of the
spins of angle

(P = @81~ (3)

The energy of a system of N spins (I= —,') in a
magnetic field Bo is

E = ,'N(AH ) /kT,——

C /C = T /T-1 =h. /k -1. ,

Z E f i i f
Tf and T; are the (common) Zeeman and exchange

and the Zeeman heat capacity is thus

C =dF. /dT = ,'N(tyH0)'/k T'. —

The application of a "90' pulse" to the spin system
will destroy the net magnetization and will there-
fore transfer to the combined Zeeman and exchange
systems a total energy

r q =+,'N(n~H, )'/kT. -

The exchange-bath heat capacity CE s can then
be calculated in terms of CZ [known from Eq. (5)J

or

1/T = (1/T. )e
n 2

an exponential decay of inverse spin temperature
with number of 90 pulses applied.

With the aid of Eq. (10), we have determined
p, from the set of runs plotted in Fig. 2 and made
on hcp 'He solid of V=19.32 cm'/mole. For each
run the sample was first allowed to come to ther-
mal equilibrium at 1.25'K and then cooled rapid-
ly to TI =0.45'K in order to have TEI long, so
that the energy transferred from the Zeeman
system to the exchange bath should not leak rapid-
ly to the lattice. In Fig. 2 the echo amplitude is
plotted vs the number of applied pulses at a pulse
rate of 0.97 sec '. [This rate was chosen to
have the interpulse spacing»T„ in order to pre-
sent a relaxed spin system for each new 90 pulse.
The pulse rate is significant because, in truth,
TEL '&0. Equations (10) and (11) are readily
extended to include the effects of TEI, for the
case of p. «1, and the curves in Fig. 2 are all
calculated with TEI =100 min and n/t = 0.98
pulses per sec. ] We note that the smallest am-
plitude plotted in Fig. 2 corresponds to a spin
temperature TZ =TK=6 K.

In the sample cell used in this experiment, the
He lies outside a, cylindrical rf coil and inside

a copper sleeve; both surfaces are suddenly
heated by the rf pulse. To be convinced that we

really heat the spin system and that we do not
just heat the lattice by thermal conduction from
the rf coil, allowing rapid relaxation of the spins
to the lattice at high temperature due to the short
TEI at high temperatures, note that the 180'
pulses heat the exchange bath roughly twice as
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fast as the 90 pulses. Note also that detuning
the magnet (making cp = 0 which will not change
the pulsed heating of the lattice) does eliminate
the warming of the exchange bath, which is thus
shown to be receiving energy only in known
amounts from the Zeeman system according to
Eq. (6). Shown also in Fig. 2 is the warming
of the exchange bath by 90 pulses at a dc field
-0.77 H, . The decrease of echo amplitude per
90' pulse is correspondingly smaller, as ex-

FIG. 2. The sample magnetic moment (echo ampli-
tude) is plotted as a function of n, the number of 90
pulses

'
which the sample has sustained. The decrease

in amplitude with n is thus a measure of the heating of
the exchange-bath-plus-Zeeman system by known

amounts of rf energy. Each set of data points is ac-
companied by a curve calculated from Eqs. (6) and (9),
with CE bs/CZ =—350 (for f =2. 129 Mc/sec), and TEI,
=100 minutes, and successive curves are shifted by
100. As explained in the text, the curves for magnet
detuned show no heating of the exchange bath, proving
that heat enters the exchange bath in this experiment
through the Zeeman system, and not from the lattice.

NO pulses refers to one sampling sequence approxi-
mately every two minutes.

FIG. 3. The exchange-lattice relaxation time T EI,
for the present sample of hcp 3He with V=19.32 cms

mole ~ is plotted for comparison with the theoretical
result of reference 1 for two-phonon relaxation tas
summarized in our Eq. (12)]. The agreement is re-
markably good.

pected from Eq. (6). The reproducibility of
these measurements is good, as evidenced by
runs on successive days. The curves show also
that n pulse triplets of the form 90'-180'-180'
heat the exchange bath exactly as do n 90' pulses.
This is exactly what is to be expected from rf
heating of the exchange bath, and provides con-
clusive evidence that thermal heating of lattice
is negligible, since the sensible heat due to dis-
sipation in the triplet is five times that of a single
90' pulse.

This experiment may be summarized as having
measured a "different exchange interaction"
Jh c ["Jas measured by heat capacity" and de-
fined by Eq. (2)] much larger than that measured
in the same system and at the same time from
T, and T2 measurements. At 19.32 cm~/mole,
J/2v =0.29 Mc/sec, while J c./2m=16 Mc/sec.
The exchange-lattice time constant TE~ for the
sample (100 minutes at TL =0.45 K) is only a
factor 3 larger than that predicted by Eq. (21)
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of reference 1, which can be written for hcp 'He

T -' = l. 55»O-35(d'J/da')'V"/e "sec-' (l2)EI D

(in which a is the nearest-neighbor distance and

6D the Debye temperature of the solid), and our
measurements accurately confirm the T' tem-
perature dependence, ' as is indicated in Fig. 3.

We are grateful to A. G. Redfield for his
critical reading of the manuscript and to J. Krueg-
er for measuring photographs.

Note added in proof. —After submission of this
note we received a, preprint by Heal, Gifford,
Hatton, Richards, and Richards describing simi-
lar work on several 'He- He mixtures of low ~He

concentration. Our results were obtained on He
containing 0.95% 'He.

'R. L. Garwin and A. Landesman, Phys. Rev. 133,
A1503 (1964). We believe the present measurements
are the first accurate observations of this relaxation
rate, which varies as T ~.

H. A. Reich, Phys. Rev. 129, 630 (1963). The
numerical values of J in this paper are, in part, erron-
eous. We believe the data of this experiment appears
properly interpreted in reference 1.

3D. O. Edwards, A. S. McWilliams, and J. G.
Daunt, Phys. Letters 1, 218 (1962).

4G. O. Zimmerman, H. A. Fairbank, M. Strongin,
and B. T. Bertman, Bull. Am. Phys. Soc. 8, 91
{1963).

One might question the consistency between our
results for TEL~ T 7 as published here in Fig. 3 for
hcp 3He and the essentially Curie-law susceptibility
for bcc 3He published in Figs. 2 and 3 of A. L. Thom-
son, H. Meyer, and P. N. Dheer, Phys. Hev. 132,
1455 (1963). These latter indicate prompt cooling
of the spin system to -0.06'K in 3He of molar volume
22. 40 and 24. 3 cm3/mole. There is no discrepancy-
first, the TEL of Eq. {12)varies ~V (locally); and,
second, at low temperatures the Raman relaxation is
slow compared with the single-phonon relaxation pro-
cess calculated in R. B. Griffiths, Phys. Rev. 124,
1023 (1961). To illustrate these points we have cal-
culated TEL for bcc 3He of V = 24. 3 cm3/mole. We
find from the theory, TFL =(2.0 ~104T~+0.5T) sec
At 0.06'K, this material thus has TEL-30 sec, and

about 5 msec at 0.5'K.
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The possibility of observing an interaction be-
tween helicon waves' and transverse sound waves
in a metal has been recently considered by sev-
eral authors. The coupling is expected to oc-
cur when the helicon-wave phase velocity is near-
ly equal to the sound-wave phase velocity. Ne
report here the results of experiments designed
to measure such coupling in pure, single-crystal
potassium. As shown in Figs. 1 and 2, we ob-
tained c1ear evidence of the existence of the inter-
action and found good agreement between theory
and experiment.

The dispersion relation for coupled helicon
waves and sound waves in an elastically isotropic
medium has been derived in references 2 through
4. The analysis used there is similar to that
previously employed for study of acoustic atten-
uation in metals. ' In order to interpret the re-
sults of our experiment, it was necessary to de-
rive a. more general dispersion relation appli-
cable to the elastically anisotropic case of wave
propagation along a twofold axis. We take as

our model an infinite medium having n free elec-
trons per cm' and a positive (ion) background of
charge density ne and mass density nl. Take
the magnetic field Ho to be in the z direction and
assume that all field quantities vary as e&(&& - &f).
Denote right- and left-circularly polarized field
quantities by E~ =E~+iE&, J~= Jx+iJ&, etc.
The equation of motion of the positive background
becomes

~2S* = v, 'n'-,'(S++S -) ~ v, 'a'(S '- S -) - (e/M)E'

-(e/Mc)S xHo+(e/Moo)(J +j*), (l)

where S is the displacement of an ion from its
equilibrium position, T is the electron relaxa-
tion time, J =neS is the current density due
to motion of the ions, j~ is the electron current
density, E is the internal electric field, and
cro = ne2r/m; v, and v~ are the phase velocities
of the two independent shear waves when they
propagate along the twofold direction in the ab-
sence of a magnetic field. Equation (1) exhibits
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