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Frequency Dependence of T, for 3He in Solid 4He
I
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Measurements are reported of &~() for He impurity in solid He at molar volume 21
cm and temperature 0.6 K. Data for fractional impurity concentrations &3 of 1.0&10
0.5&10 3, and 0.25&10 show striking anomalies at about 1.3 and 2.6 MHz, superim-
posed on a background obeying xsTq~1.3&&10 2 exp(~/7. 4~10 } sec. A theory is proposed
which fits this background and yields a value for the 3He-4He tunneling frequency of about
1 MHz. The anomalies are not fully explained.

'He impurity in solid 'He provides an interest-
ing system in which the prediction' of Andreev
and Lifshitz that any impurity that can tunnel in
a crystalline lattice will become delocalized at
low temperatures can be tested. In addition, the
magnitude of the frequency, J~, with which the
impurity atoms tunnel with host atoms is of inter-
est. Theorists' suggest it should not be greatly
different from J33y the tunneling frequency in
pure solid 'He, while the only published experi-
mental data suggest it is two' or three' ' orders
of magnitude smaller.

Measurements of T„ the spin-lattice relaxa-
tion time of the 'He impurity as a function of fre-
quency, provide information from which the mo-
tion of the impurity can be deduced. The method
used for obtaining data is to work at one measur-
ing field B, (and frequency e, =yB,) and make ex-
cursions to other fields for set periods and re-
turn to the original field to monitor the growth
or decay of spin polarization. The method avoids
the need to retune the NMR spectrometer at each
of say fifty frequencies used during a single run.

The spin polarization is destroyed at B, and the
field shifted quickly to B=v/y for time 7 It is.
then returned quickly to B, and the polarization
monitored by measuring the height, h„, of a spin
echo following a m/2-m pulse sequence. T, at the
frequency ~ is given by

concentrations X„obtained from assuming Cu-
rie's law at 1 K, follow to within about 10%%uo con-
centrations in the gas used to form the samples.

The data suggest a background curve with two
anomalies at about 1.3 and 2.6 MHz. In order to
investigate further the nature of the anomalies,
the background has been subtracted from the ex-
perimental data using the relation

(1/T, )„, ,) = (1/T, ),b„„,g —(1/T, )b„~

3
t0

l0

~/T, (~}=1n[h„"/(h„h ~)]

where k„ is the signal height recorded after
waiting indefinitely at co. It can either be mea-
sured directly or calculated from k„o, the equi-
librium height recorded at ur„using mP„"= &uh„o
since polarization is proportional to field.

The data obtained at molar volume 21.0 cm'
and at temperature 0.6 K, where the crystal is of
hcp form, are plotted in Fig. 1. The run-to-run
reproducibility is about 10%%uz and fractional 'He
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FIG. 1. The spin-lattice relaxation time 2"
q for He

impurity of three concentrations in solid 4He as a func-
tion of frequency. The molar volume of the samples is
21.0 cm and the temperature 0.53 K. Fractional He
concentrations: squares, 10; circles, 5&&10; tri-
angles, 2.5&10 4.
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FIG. 2. The anomalous contribution to the spin-lat-
tice relaxation rate as a function of frequency. The
fractional He content is 5 &&10, the molar volume
21.0 cm, and the temperature 0.53 K.

For (T,),b„,„,d, the solid lines of Fig. 1 are
used and for (T,)b„„g„„„d,the expression

(T,)»,„&„„„d= (1.3 x10 '/x, ) exp(f/1. 17), (1)

where T, is in seconds and f is in megahertz.
Lines following Eq. (1) for each of the three im-
purity concentrations, 1.0&&10 ', 0.5&&10 ', and
0.25&&10 ', are shown partially in Fig. 1.
1/(T, ),„, „ is plotted for x, =0.5x10 ' in Fig.
2, and the positions and areas of the peaks for
each concentration given in Table 1. For a mo-
tionally narrowed, isotropic spin system, '

f, (1/T, ) d &u = nM„

where M, is the second moment of the NMB ab-
sorption line. If we assume that the 'He spins
are distributed at random, then M, (x,) =x, M, (1),
where' M, (1)=22.6X10 "/V ' is the second mo-
ment for pure solid 'He of molar volume V .
These relations have been experimentally veri-
fied' at x, = 0.25 x 10 '.

The experimental contribution to the area in

Eq. (2) from the background and anomalies is
about 50%%ug of the total predicted area. Since the
nearest-neighbor contribution to M, is about 83/g

in an hcp crystal, the observed T, values must
partly reflect the nature of the collisions between
two impurities when they are on neighboring lat-
tice sites.

Since the characteristic frequency that is ob-
served (1.17 MHz) is close to the tunneling fre-
quency in pure solid 'He of this density, ' it ap-
pears that when two impurities are on adjacent
sites they can tunnel freely without being strong-
ly affected by their own strain-induced interac-
tion. ' This is due to the fact that in an hcp lat-
tice one of two adjacent impurities has four sites
that it can tunnel to, which are also nearest
neighbors of the other impurity. Such tunneling
conserves strain energy and can therefore be ex-
pected to occur at approximately the uninhibited
rate J,4, which is the rate that a single isolated
impurity would tunnel with neighboring 'He atoms.

The model that we have investigated theoreti-
cally is one in which 'He impurity atoms move
around in the lattice in some unknown way but
must spend a fraction 12x, of their time adjacent
to another 'He atom (there are 12 near-neighbor
pairs). During this time, the pair of impurities
tumble around each other at rates of the order
of O'„. Thus their local (dipolar) field is modu-
lated at frequencies up to this amount, and T,(v)
will be scaled by a frequency of this order. The
states of the "tumbling pair" will be linear com-
binations of localized states and will form a band
of width -hJ34. Other configurations (second-
nearest neighbor, etc. ) will form similar bands
separated by gaps» Lt,4 due to the distortion-
induced interaction.

A detailed calculation is possible for the near-
est-neighbor contribution. In a preliminary
study, we have considered the case where the
field is applied along the c axis of the crystal,
though for our samples a powder average would

TABLE I. Parameters describing the frequencies and strengths of the anomalies in the frequency dependence of
T f ~

Low-frequency
peak position

(MHz)

High-frequency
peak position

(MHz)

Area ' under
(1/T () b.

(10 see )

Area under
lf anomaly
(104 sec ')

Area under
hf anomaly
(104 sec 2)

~M, (x,)
(104 sec 2)

10
x10 4

2.5x 10 4

1.38+ 0.05
1.28+ 0.05
1.26+ 0.10

2.78+ 0.10
2.61+ 0.05
2.53+ 0.10

56.4
28.2
14.1

6.0+ 0.5
6.2+ 0.3
2,6+ 0.4

1.6+ 0.2
3.0+ 0.2
1.3+ 0.2

157
78.5
39.2

Using Eq. (1).
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probably be more appropriate. Also, in separat-
ing the motion of the two particles into relative
motion and center-of-mass motion, the tunneling
frequency becomes a function of the direction of
tunneling, and in the present calculation a spheri-
cal average has been taken. With these approxi-
mations the theoretical expression for T,(~) os-
cillates about the function

1/T, = (6.7 && 10 x,/J, 4) exp(- 0.62 co/J~) . (3)

It is interesting to note that while the single-
and double-frequency terms contributing to T,
are both approximately Gaussian in ~, their sum
is approximately exponential in the range ~ =0
to u- 8J,~.

If Eq. (3) is fitted to the experimental data de-
scribed by Eq. (1), we obtain values for J„at
molar volume 21.0 cm' as follows: J„/2m from
intercept, 1.39 MHz; J34/2m from slope, 0.73
MHz.

This agreement must be regarded as satisfac-
tory in view of the approximations made. J»/2m,
the equivalent tunneling frequency for pure solid
'He at this density (a value has to be extrapolated
from higher densities because the hcp phase only
exists below molar volume 19.6 cm') is 0.7& 0.3
MHz. '

The origin of the anomalies in Fig. 1 is not un-
derstood. The theoretical curve does have struc-
ture though not of the simple and striking form
shown in Fig. 2. Whether a more precise theory
of the "tumbling pairs" would exhibit the observed
structure is not at present clear. It should mean-
while be pointed out that any pair of non-spin-de-
pendent energy levels of two adjacent 'He impuri-
ties, with splitting ~, will yield two peaks in
the 1/ T(&u) curve in consequence of the relation

1/T, =J(~) +4J(2(u),

where J(u&) is the spectral density of the dipole
field fluctuations at ~. The two peaks will come
at S~ =DE and 2k~ =DE and the ratio of the areas
under these two peaks will be 1:2. The anomalies
of Fig. 2 satisfy both these relationships.

In conclusion, two features of the frequency

variation of T, for these dilute solutions of 'He
in 'He may be noted. Firstly, there is a smooth-
ly varying background which is scaled by a fre-
quency of the order of 1 MHz. This suggests a
tumbling frequency of this order for a pair of
neighboring atoms. Previous published estimates
for the 'He-'He tunneling frequency, based on
spin-diffusion coefficient D and transverse spin-
relaxation times T„are two or three orders of
magnitude smaller, and this is probably due to
the existence' of a low-frequency branch to Fig.
1 in the kilohertz range, representing the slow
tunneling of 'He-'He neighbors inhibited' by other
'He impurity atoms a few lattice spacings distant.
Secondly, there is a well-defined structure in the
frequency dependence of T, in the megahertz re-
gion. It is argued that this is due to some simple
(but unknown) splitting in the energy spectrum of
a neighboring pair of 'He impurities.
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