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The low-lying quasi-phonon branch of the spec-
trum also plays an important role for the longi-
tudinal nuclear relaxation time T~. We calculate
the direct rela.xation rate,

where A is the hyperfine coupling consta, nt. In
MnF„whexe A =—10 "erg, a relaxation rate
proportional to T has been observed' and agrees
in order of magnitude with (4) when the param-
eters above are used. Thus the nuclear relaxa-
tion and magnetization data find a, consistent ex-
planation. The Raman relaxation rate has a. T~

temperature dependence and agrees again with
the observations' in CuC1, 2H, O where G=—10 "
erg. The expression for the Raman relaxation
rate is
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where A is the strength of the dipolar coupiing
and I', is given by
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Thus by the use of the magnon-phonon interac-
tion we are able to explain several experiments.
We require, however, somewhat larger coupling
constants than have been reported in more sym-
metrical crystals.
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Recently an anomalously large reduction in
thermal conductivity at low temperatures has
been measured for NaCl single crystals grown
by the Harshaw process. No such reduction oc-
curs for crystals grown free from atmospheric
contamination, and evidence is presented that
the reduction in thermal conductivity is associ-
ated with an impurity ion in the crystal in which
oxygen is one of the components. The thermal
conductivity varies nearly as the square of the
temperature from 1'K to 20'K. Evidence is pre-
sented that the mean free path satisfies an equa-
tion of the type

x = (3.3 x10 ' (u/V) ' cm,

where V is the average sound velocity in the De-

bye sense and ~ = 2m times the frequency of the
phonon. Several mechanisms for this effect were
considered but no conclusive evidence was found
for any of them.

One possibility was that a relaxation process
might be involved. Recently a mechanical relaxa-
tion effect has been measured at low temperatures
which is associated with the same set of impurity
ions, and it is the purpose of this note to show
that these relaxations are in agreement with the
loss in thermal conductivity.

The crystals were obtained from Harshaw and
from Isomet and were provided with oriented, par-
allel, flat faces. X-cut and Ac-cut quartz plates
were bonded to the specimens with 4-methy1. -1-
pentene. The temperature was controlled by
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FIG. 1. Attenuation in Harshaw sodium chloride
crystal for 57-Mc/sec shear wave along [110I with

polarization direction [110]. Short-dash line shows
assumed background loss (due mostly to dislocations).
Long-dash lines show three relaxation mechanisms.
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FIG. 2. Temperature shift of attenuation peak with

frequency. ln f= ln fo —8/k1'.

means of a liquid helium ba.th and a.n electric
heater, and was determined from vapor pressure
and carbon resistor readings. The attenuation
was measured with a pulse-echo method. The
relative velocity was determined using pulse over-
lap and a phase-comparison technique.

Figure 1, solid line, shows the attenuation in

nepers per cm along the [110]direction for a 57-
Mc/sec shear wave with its polarization in the

[110]direction. A large increase is seen below
5 K. No such increase was found for Isomet crys-
tals, which are grown in a vacuum, as contrasted
with Harshaw crystals, which are grown in air.
It is, therefore, concluded that the observed re-
laxation effect is caused by a gaseous impurity
introduced from air into the melt. Similar con-
clusions on therma. l conductivity were found by

Klein. ' Table I gives the number of (110)planes
in which shear stresses are set up by the types
of waves employed in this investigation and indi-
cates the corresponding presence or absence of
a peak. The correlation is excellent. Incidentally,
the (110)planes are also the slip planes for dislo-
cations. But in view of the small activation ener-
gy, a Bordoni relaxation effect can be discounted.

The temperature shift of the peak as a function
of the frequency was measured over the range
from 18 to 173 Mc/sec using shear waves polar-
ized along [110]and propagating along the [110]
direction. The result, plotted in Fig. 2, satisfies
the Arrhenius relation,

f=f, exp(, E/RT)l, -

which is typical of a relaxation process. f is the

Table I. Wave types, shear stress, and attenuation in Harshaw NaC1.

Wave
mode

Direction of
propagation

Direction of
pol ariz ation

Number of
(110) planes

with shear stress
Attenuation

peak

Longitudinal

Tr ansverse

Longitudinal

Transverse

Transverse

[100]

[100]

[110j

[110j

[110]

in (100)

[110j

[001j

No

Yes

No
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The internal friction of a series of relaxation
processes, Bnd the shear modulus change associ-
ated with them, can be written in the form

(6)

measuring fr equency and T the peak temperatur e.
The constants f, and the activation energy E are
graphically determined to be

fo = 5x109 '2 cps, E =21+ 2.3 cal/mole. (3)

For the same shear wave, the dispersion of the
sound velocity was measured at 57 Mc/sec in a
Harshaw crystal as a function of the temperature.
The curve obtained is typical of a broad relaxa-
tion process (at 1.5'K the value of V/V, is 0.9986,
where V is the measured velocity and Vo is the
velocity at the broad flat maximum which stretches
from 15 to 25'K). '

A similar attenuation curve was found for KCl
at 56 Mc/sec with one maximum occurring at 5'K
and a rise occurring down to 1.5'K. Unfortunately
no thermal conductivity data are available for this
crystal. The attenuation peaks of both crystals
show some evidence of a fine structure and the
width of the peaks and of the dispersion region
indicate the existence of a distribution of activa-
tion energies, rather than a single one. As shown
by the highest temperature long-dash relaxation
curve of Fig. 1, a single relaxation agrees with
the measurement above the peak temperature if
we assume a background loss —mostly due to dis-
locations —as shown by the short-dashed line.
However, at low temperatures, the indicated
attenuation requires a distribution of relaxation
frequencies. While the distribution may be a con-
tinuous one, a good approximation for a slowly
varying attenuation is obtained by a series of re-
laxation energies which vary by a small ratio or
increment. The attempt frequency of 5 x10 cps
indicates a low probability of occurrence for the
effect. A relation of the form

12 (ASi/R) (Hx/RT)-f, =10 e ' e
2

is assumed for the relaxation frequency of each
process. The value of 10 ' cps is a commonly ob-
served value for relaxation processes. For the
highest energy value, b S has to be negative and
equal to 10.6 cal/mole. The lower the activation
energy H2, the lower the disorder so that AS2 is
assumed proportional to H;. Then Eq. (4) becomes

where A2 is a series of constants required to fit
the shape of the attenuation curve which is related
to the internal friction curve by the equation

hf = kT or f ='2 x 10"T, (8)

where h is Planck's constant and k is Boltzmann's
constant. Hence, one can calculate the average
distance required to cause the phonon intensity
to be reduced to 1/e of its original value —which
is one definition of the mean free path —by calcu-
lating from Eq. (7) the distance required to pro-
duce an attenuation of one neper at the frequency
corresponding to the temperature T in Eq. (9).
Using the measured values of n2 shown by the
short-dashed curve of Fig. 1, and multiplying by
the directivity factor -'„ the mean free path is
shown by the solid line labelled 1 of Fig. 3. The
shape of the attenuation curve at low temperatures
is not very critical and the solid line of Fig. 3
labelled 2 indicates the result of a calculation for
an attenuation which goes from zero at 0.1'K to
the measured value at 1.4'K along the dot-dash
line of Fig. 1. Either curve gives good agreement
with the thermally measured value shown by the
dashed line of Fig. 3, since there is no assurance
that the same number of impurities occurs in each
sample. The slope of the solid lines varies nearly

By assuming activation energy values varying by
ratios of 1.23,' a series of constants A; were ob-
tained for fitting the attenuation curve of Fig. 1
above 0.1'K. These constants were tested on the
available data up to higher frequencies and re-
produced the measured data with good precision.
The three top relaxation mechanisms are shown

by the long-dash curves of Fig. 1.
Thermal conduction occurs by means of quan-

tized longitudinal and shear waves in the crystal
of much higher frequency and these can interact
with the relaxation mechanisms found by the ultra-
sonic measurements. Since these phonons come
from all directions, on the average they will have
a much smaller component of shearing strain in

the (110jplanes than do the waves whose attenua. -
tion is shown by Fig. 1. A calculation indicates
that the factor is -, for shear phonons which carry
most of the energy. While a complete calculation
would require an integration of the distribution of
frequencies occurring at each temperature, a
fairly good indication is obtained by taking the
dominant frequency of the distribution given by
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Thermal resistance caused by a relaxation ef-
fect appears to be a new process not covered by
any of the ordinary mechanisms. ~ It appears that
the change in the equilibrium states associated
with the acoustic relaxation effect, produces con-
siderable attenuation for thermal waves and a
corresponding short mean free path. Since the
cross section of the scattering mechanism can
be obtained from the mean free path and the den-
sity of scatterers, ' it appears that the scattering
cross section for relaxation processes of this type
is much larger than the size of the impurity. The
very low activation energy range suggests a spec-
trum of normal modes of low-energy separation
such as might occur for a tunneling process.

The authors wish to thank L. M. Tornillo for his
help in preparing the specimens, Dr. W. Kanzig
for discussions of the nature of impurities in so-
dium chloride, and Dr. T. Kjeldaas and Dr. T.
Geballe for discussions on the characteristics
of thermal propagation.
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FIG. 3. Mean free path of thermal phonons. Solid
line 1 calculated from dashed attenuation curve in Fig.
1. Solid line 2 calculated from dot-dash curve in Fig.
1. Dashed line represents Eq. (1) .

as T ~' 5 which is actually in better agreement with
the measurements than the assumed slope of T ~.
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