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SPIN RELAXATION IN SOLID 'He: OBSERVATION OF EXCHANGE BOTTLENECK*
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We report here measurements of longitudinal
nuclear spin relaxation in solid 'He which give
evidence that at sufficiently low temperatures the
bottleneck in the energy transfer is between an
intermediate reservoir and the lattice. The sche-
matic of Fig. 1 shows the three-bath model which
has previously been used' ' to interpret relaxa-
tion in solid 'He. The intermediate system X has
been assumed by other workers to be the exchange
part of the Hamiltonian,
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where the sum is over nearest neighbors only
and I is the nuclear spin vector (I = 1/2). We also
will frequently refer to X as the exchange system,
although it is worth noting that many of the results
to be discussed depend only upon the existence of
an intermediate system and not on its specific
nature.

Let 7&X, TXL, and T&L be the respective Zee-
man-exchange, exchange-lattice, and Zeeman-
lattice relaxation times and p be the ratio of
Zeeman to exchange heat capacities. The ob-
served relaxation time T, will then be given by

and by
(3a)

for
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If either condition (2b) or (3b) is satisfied, single-
exponential time dependence is observed so that
Ty is well defined. In the intermediate region,
pTXL =T&X, two exponentials may be observed
in general.

Reich' and Garwin and Landesman' report that
(2) is apparently fulfilled for all their experi-
ments with pulsed nmr. We, however, using a
Rollin circuit4 to observe the recovery of nmr
signals following saturation, do see the "exchange
bottleneck" region (3) below 1'K. At higher tem-
peratures where (2) is expected to hold, our re-
sults are in good agreement with references 1
and 2.

Figure 2 shows the relaxation time as a func-
tion of inverse temperature at molar volumes of
19.0 cm' (P phase) and 20. 0 cm' (n phase). The
points refer to data taken with samples containing
both 0.05%+ 0. 01% and 0. 1$~ concentration of
'He impurities. Substantially the same results
are obtained for these two concentrations, but as
will be discussed later, samples containing 0. 5$
4He give very different results. We may divide
the data into three regions. In region I, condition
(2b) holds and the observed relaxation time is
given by (2a). The temperature and frequency
dependence of T, in this region has been success-
fully analyzed by Hartmann. ' In the temperature-
independent portion of region I, we have

T
1
- exp((u2/2(u '), (4)

FIG. 1. Three-bath model for relaxation in solid 3He.
Zeeman energy Z may relax to the lattice L, assumed
to have an infinite heat capacity, either by the direct
route labeled 7ZI or by first relaxing to an intermediate
system &. The quantities 7Zg 7XI and &ZI are ap-
propriate relaxation times for the rate of approach of
1/TZ and 1/T~ to each other and to the inverse lattice
temperature 1/T.

p = 8(u'/(3z J'), (5)

where z is the number of nearest neighbors, and

where cu is the angular resonance frequency and
co& is of the order of Z. We find ~L/2w =0. 78
Mc/sec at 19.0 cm'/mole, and Reich quotes w&/
2w = 0.68 Mc/sec at 18.82 cm'/mole.

At lower temperatures condition (3b) is fulfilled
and we observe relaxation times given by (3a) in
region III. Since TX& is independent of frequency
and p is given by
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FIG. 2. Observed longitudinal spin relaxation time T~ in solid He with He concentration -0.1%. (Data points
are for either 0.05% or 0.1%) He concentration; no distinction is made since the two concentrations give identical
results to within experimental error. ) Solid circles —1,9.0 cm /mole, freq=1. 4 Mc/sec; triangles —19.0 cm /mole,
3.15 Mc/sec; open circles —20.0 cm /mole, 4.8 Mc/sec. The significance of regions I, II, and III is explained in
the text. The regions are specifically labeled for the data designated by triangles. Region I corresponds to 1/T
& 0.65'K for the data designated by closed circles and to 1/T 2'1.35 K for the data designated by open circles.

Table I. Experimental results for 99.95% pure He.

Molar volume ~L /2x J/2n Tp

(cm /mole) (Mc/sec) (Nc/sec) (msec) ( K)

19.0
20.0

0.78
1.2

0.37
1.2

6.25 4.5
0.11 4.5

Samples 99.90% pure give the same results to with-
in experimental error.

See Eq. (4).
See Eqs. {3}and (5); for 19.0 cm /mole there are

12 nearest neighbors (hcp), while for 20.0 cm /mole
there are 8 (bcc).

dSee Eq. (6).

the susceptibility is assumed to obey Curie's law,
we can obtain J by measuring the frequency de-
pendence of T, in this region. %e observe the
frequency dependence predicted by (3a), and the
resulting values for 0 may be found in Table I.
These values are roughly a factor of two greater

than those found by Garwin and Landesman from
an analysis of the exchange-narrowed transverse
relaxation time. According to Hartmann, ' J
=0.42&vI for the n pha. e;; so we see from Table I
that, on this basis, 8 is about 30% larger than
would be expected from our observed co&.

The exchange-lattice relaxation time 7.X~ has
an exponential temperature dependence

exp(S/T)

in region III, and the results for 70 and L are
shown in Table I.

In the intermediate region II where pr~g= 7gx
it should, in principle, be possible to see signal
recoveries consisting of two exponentials. How-

ever, in terms of the values for p, v g~, and 7XI
inferred from regions I and III, it turns out that
it is not possible for us to observe the shorter of
the two relaxation times with our present appara-
tus. ' This conclusion is based on a detailed so-
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lution' of the rate equations which will not be re-
peated here. It shows that we would have to
saturate the signal in a time short compared to
about 50 milliseconds in order to see the faster
exponential. Hence the fact that we have single-
exponential recoveries in region II is not incon-
sistent with the three-bath model when account
is taken of our present electronic limitations.

However, if there were a phase transition in

region II so that both the n and P phases were
present, as was supposed by Reich, then we cer-
tainly ought to have observed nonexponential re-
coveries. (We have, in fact, found nonexponen-
tial recoveries at other molar volumes where
the n-P phase transition is known to occur from
the data of Grilly and Mills. ') The fact that we

have not been able to observe nonexponential re-
coveries at a molar volume of 20 cm' in region
II is, we believe, strong evidence against the
mixed-phase hypothesis put forward by Reich to
explain his nonexponential recoveries at 20. 12
cm'/mole and 21. 10 cm'/mole (curves E and D

of Fig. 5, reference 1). Since he used pulsed
nmr, it is perhaps possible that he was instead
observing the two relaxation rates appropriate
to the three-bath model. '

In samples containing 0. 5% 4He concentration
we do see nonexponential recoveries for all tern-
peratures below about 1'K. Above 1 K the results
agree with those obtained in the purer samples.
Between about 1'K and 0. 7 K the recoveries can
be described by two exponentials. A typical case
is shown in Fig. 3, where in the lower curve (A)
the high rf power used to saturate the signal was
applied for a relatively short time, and in curve
(B) the saturating period was considerably longer.
That the signal takes longer to recover in (B)
than in (A) is a characteristic feature of the three
bath model: The rate of recovery depends on the
initial temperature TX of the system X, and this
can be raised well above the lattice temperature
during a long saturation. To our knowledge direct
observation of this effect has not previously been
reported in the literature of magnetic relaxation.
%e emphasize that the lattice heat capacity is,
of course, very much larger than that of the nu-

clear spins, and any variation in lattice tempera-
ture during the course of a saturation or recovery
is completely negligible.

Analysis' of the rate equations enables us to
comput~ p, TZ~, and TXL in terms of the two ob-
served exponentials and the proportion in which
they combine. This can be done either for con-
ditions appropriate to a very short period of sat-

uration (curve &) or for those appropriate to a
long period of saturation (curve B) .The results
are quoted in Fig. 3, and it may be seen that the
two curves give roughly the same values for p,
7&X, and T&L, thus showing the internal con-
sistency of the three-bath model.

In general, we find that T~& is independent of
'He concentration between 0. 05% and 0. 5% but
that p is an order of magnitude less in the sam-
ples with 0. 5% 'He. Thus the addition of 'He
impurities appears to increase the heat capacity
of the intermediate system by an order of magni-
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FIG. 3. Recovery of signal height h —subtracted from
equilibrium height h —following two different periods of
saturation. Data are for molar volume of 19.0 cm,
frequency 2. 71 Mc/sec, T =0.71'K, and 4He concentra-
tion of 0.5%. {A), rf saturating power applied for 2

seconds; {8), rf saturating power applied for 36 sec-
onds. The solid lines represent the best double-expo-
nential fits to the data. From the observed decay con-
stants {which shouM be identical in A and 9) and the
proportion in which they combine, we compute {A) vg~
=4.18 sec, vxI =15.2 sec, p =0.14; (8) v&~ —-3.45 sec,
7XL = 16.1 sec, p = 0. 11. In (A) the temperature TX of
the intermediate system is equal to the lattice tempera-
ture T at t=0, while in (g) Tx= 1.5T at ) =0, where
t =0 is the time at which the rf saturation is turned off.
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tude without altering the Zeeman-exchange relaxa-
tion rate. The quantity 7~1 is roughly indepen-
dent of 4He concentration at 1'K, but it is less
strongly dependent on temperature-i. e. , has a
lower activation energy (6)—for the more impure
samples.

%e observe at least three relaxation times in

the more impure samples below 0.7 K; so the
three-bath model does not provide a complete de-
scription at the lowest temperatures. Because
of this, we cannot perform a meaningful analysis
of the nonexponential recoveries at the lowest
temperatures. However, it may be noted that
the difference between recoveries following short
and long saturation periods is even more marked
at these low temperatures than shown in Fig. 3.
The mechanism for this additional bottleneck is
at present unknown to us. It occurs at higher
temperatures than those for which the 'He- He

phase separation has been observed. e

An extensive program of measurement is cur-
rently in progress.
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In a recent study' &' of the Hell (3&,p, d) —(4+,p~

d,f) line complex excited in a liquid helium-cooled
hollow cathode plasma at pressures between 0. 12
and 0. 06 Torr and current densities of about
5 mA/cm, an important shift of the position of
the lines was discovered. It appears that the
most likely origin of the shift of the lines is a
Doppler effect caused by a drift of the ions in the
direction of the small axial electric field in the
plasma. A comparison of measurements of the
relative line positions with the calculated posi-
tions and with those measured by Series' indicates
a possible differential shift apparently arising
from different drift velocities for ions in the 4s,
4P, 4d, and 4f states. Because of the importance
of this type of shift for spectroscopic measure-
ments, and because of its potential use as a tool
for studying the hollow cathode plasma and atomic

properties, an investigation of this effect has
been begun. This note is a report of the prelim-
inary experiments.

The discharge tube consisted of three cylindri-
cal copper electrodes held coaxially one above
the other by insulating glass spacers. The as-
sembly was closed at the bottom by a glass light
trap, and attached at the top to a 40-crn long coni-
cal tube with an end window for viewing the plasma
along the axis of the electrodes. The middle elec-
trode, which had an 8-cm bore, was the cathode
within which the plasma was contained. The two
identical, symmetrically placed extremal elec-
trodes were alternately made anodes so that the
plasma could be viewed with the electric field
either toward or away from the observer. The
discharge was operated under conditions similar
to those of the first study.


