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Measurements of the ultrasonic absorption in synthetic and natural quartz crystals below 20 K at
frequencies less than 1 GHz show that the temperature dependence of the intrinsic attenuation
coefficient departs from the power law predicted by theory. The deviations are explained in terms of
anharmonic interactions of the ultrasonic waves with superthermal phonons of the strongly dispersive
transverse-acoustic mode in quartz whose lifetimes are limited by point-defect scattering. The at-
tenuation is independent of frequency and its magnitude falls below 2 10~° dB/us at about 8 K.

INTRODUCTION

Recent measurements of the ultrasonic attenuation in
some dielectrics for Qr>>1 (Q is the sound-wave fre-
quency and 7 is the phonon relaxation time) show a fast
temperature dependence of the absorption at helium tem-
peratures that strongly deviates from the power-law pre-
dictions of the usual theories of sound attenuation by
three-phonon anharmonic interactions.! Experimental re-
sults in rutile’ at 3 and 9 GHz below 30 K show an in-
trinsic attenuation coefficient as steep as T''3*> which is
far greater than the maximum of T° predicted by theory.
Including (linear-chain) dispersion to higher order than is
customary does not satisfactorily account for the very rap-
id experimental temperature dependence.? Preliminary
studies below 1 GHz in synthetic and natural a-quartz
tentatively report a temperature dependence faster than
T'° for the intrinsic attenuation.* Attempts to explain
this latter result by invoking the breakdown of the contact
of the energy-conservation surfaces for the allowed three-
phonon interactions,” which is expected for extremely
long thermal phonon lifetimes,® fail to account for the
magnitude or the frequency independence of the experi-
mental attenuation. Both rutile and quartz have strongly
dispersive low-frequency phonon branches™® which make
a continuum or a linear-chain dispersion model inade-
quate to explain some of their low-temperature properties.
Rutile has a soft optic mode of reduced frequency
#iw /k ~100 K. Interactions of the sound wave with pho-
nons of this mode predict an attenuation coefficient ex-
ponentially dependent on the inverse temperature’ which
is consistent with the experimental attenuation below 20
K. a-quartz has, in common with other solids such as Ge
and Se, a strongly dispersive transverse-acoustic (SDTA)
mode with a zone-boundary reduced frequency of about
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80 K, which is flat over a considerable extent
(g /@max > 0.3) of the Brillouin zone. As a consequence of
the SDTA modes all these solids present, for
0.01<T/Tp <0.1, a deviation of the low-temperature
specific heat from the Debye prediction.!® The combina-
tion of the low frequency and extended flatness of these
“soft” modes produces a pronounced peak in the phonon
density of states. Consequently, an enhancement of the
probability of interaction of ultrasonic waves with
#iw > kT SDTA phonons in these solids is to be expected
at low temperatures.

In this work we present new accurate and more repro-
ducible results of the ultrasonic attenuation below 20 K in
synthetic and natural quartz crystals which definitely
confirm a deviation of the temperature dependence of the
intrinsic attenuation coefficient from the power-law pre-
dictions of normal-dispersion three-phonon anharmonic
interactions. The results are consistently analyzed in
terms of the SDTA model used by Leadbetter, Phillips,
and co-workers'"!1? to explain the excess specific heat in
crystalline quartz at low temperatures. The present
analysis implies that the slowly propagating large-wave-
vector SDTA phonons have their lifetime at liquid helium
temperatures limited by point-defect scattering.

EXPERIMENTAL PART

Samples were quartz rods cut and polished to hyper-
sonic specifications of synthetic premium Q-grade and
natural Brazilian quartz of best available quality.!* Their
axes were aligned parallel with the x, ac, and z crystallo-
graphic directions. Longitudinal and shear waves in the
range from 200 to 1000 MHz were surface excited in
broadband nonresonant ultrasonic holders.'* For propa-
gation of longitudinal waves along the z axis of natural
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quartz, 10-MHz unplated quartz transducers were glued
to the samples by No-Naq vacuum grease. The attenua-
tion at each frequency in the as-received samples was
measured by the single-ended pulse-echo technique with a
Matec automatic attenuation recorder (AAR) capable of a
resolution of 0.01 dB. All samples showed echo patterns
at helium temperatures that were at least a millisecond
long. The patterns were reproducible with thermal cy-
cling and its temperature independence below 4 K was
carefully checked by repeated cycles between 4 and 1 K.
Some synthetic quartz rods showed irregular nonexponen-
tial echo patterns at the higher frequencies. This favors
the detection of very small changes of the attenuation
with temperature since two echoes of similar magnitude
and very long temporal separation could be selected for
measuring in the most sensitive range of the AAR. Our
technique allows reproducible measurements below 10 K
and the detection of attenuation changes as small as
2x107° dB/us for longitudinal and shear waves. Any
possible electronic nonlinearities due to the limited dy-
namic range of the video stages of the i.f. amplifiers were
minimized be selecting two echos whose relative magni-
tude was never allowed to become greater than 4 dB.
Such nonlinearities, if undetected, may yield an artificially
smaller temperature dependence of the attenuation
coefficient. The separation between the AAR’s selecting
gates was monitored by a sensitive electronic counter.
The sample holder was placed inside a radiation-shielded
vacuum can and thermally shunted to a massive copper
block in good thermal contact with the liquid-He bath.
The crystal temperature was determined by calibrated Ge
thermometers soldered to one leg of a copper-beryllium
torsion spring. The spring coils firmly embraced greased
gold leaves which surrounded the side surfaces of the
quartz rods. The temperature of the samples was thus
measured to better than 0.05 K. Commercial wire resis-
tors in thermal contact with the sample stage and a cali-
brated temperature controller were used to raise the tem-
perature of the sample above that of the bath in 0.2-K
steps. The attenuation data was recorded at fixed temper-
atures from 4 to 20 K. This experimental procedure
yielded a reproducibility of the attenuation versus temper-
ature curves better than 10% for successive experimental
runs.

RESULTS AND DISCUSSION

The measured attenuation relative to its constant low-
temperature residual value is shown as a function of tem-
perature in the conventional log-log graphs of Figs. 1 and
2. The points represent the result of three or more repro-
ducible runs for each frequency and show that the relative
attenuation a; in good quartz crystals at temperatures
below 10 K may be as small as 10™° dB/us. The line
segments alongside of the data points in Fig. 1 are drawn
to emphasize deviations from power-law predictions of the
usual theories for quartz.!> As can be seen from the log-
log plots of Fig. 1, there is a pronounced and monotonic
decrease of the attenuation as well as an increase of its
temperature dependence beyond T° as the temperature is
decreased. The extrapolated temperature dependence of
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FIG. 1. Temperature dependence of the ultrasonic attenua-

tion of longitudinal waves in natural z-cut and synthetic x-cut
quartz crystals.

the attenuation at the lowest temperatures is greater than
T'" and it becomes independent of frequency.

A clearly discernible “bump” around 7 K is observed
in Fig. 2 for shear waves in our premium Q-grade, nomi-
nally of better quality, ac-cut cultured quartz samples.
Such anomalies have been reported for imperfect natural
and synthetic quartz crystals and attributed to residual
impurities or imperfections.!®!” Such is most likely the
present case since preliminary measurements for E-grade
ac-cut synthetic samples displayed a continuously increas-
ing temperature dependence below 20 K as for longitudi-
nal waves.* It has also been reported that the aluminum
content in Q- and E-grade cultured quartz varies from
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FIG. 2. Temperature dependence of the ultrasonic attenua-
tion of shear waves in an imperfect Premium Q-grade synthetic
quartz sample.
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sample to sample.!® It is thus also possible that the as-

received Q-grade samples contain uncompensated Al-hole
centers which are known to produce low-temperature ul-
trasonic relaxation peaks.'®

A very good representation of the experimental data
throughout the explored temperature range is obtained by
plotting the value of ;T versus 100/T in the semilog
graphs of Figs. 3 and 4. Best least-squares fits of the data
to the expression a;T=B;(n)exp(—T,,/T) yield the fol-
lowing values for the adjustable parameters for longitudi-
nal waves (j and »n identify, respectively, the polarization
and propagation direction of the sound waves):
B;(x)=287.2, T,(x)=119 K, and B.(z)=90, T,(z)
=99 K for the x- and z-cut samples, respectively. We
note that the above given expression for a; T produced the
least mean-squared error (or best linear correlation factor)
compared to other trial functions which were tried of the
form aij, b>1.

Attenuation by SDTA phonons

In view of the observed temperature dependence of the
different three-phonon interactions which may attenuate
the sound waves, we need only consider processes such as
L+ T =T"(or T+T'=T" for shear waves). L and T in-
dicate longitudinal and transverse polarizations and the
primed symbols correspond to thermal phonons of the
SDTA mode. It has been argued that for this process the
longitudinal attenuation is dominated by large-wave-
vector phonons.?® Also, as a consequence of the enhanced
density of states for small phonon propagation velocity
the interaction will be most effective along directions of
greatest dispersion.

Under the assumption that nonlinear elasticity is ade-
quate to treat anharmonic interactions of a sound wave of
frequency Q <<kT /# with long-wave-vector phonons of
the SDTA branch, it is straightforward to calculate the
corresponding lifetime-dependent attenuation coefficient.
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FIG. 3. Exponentially dependent longitudinal ultrasonic at-

tenuation in x-cut cultured quartz samples. Continuous line

represents a7 =287.2 exp(—119/T).
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FIG. 4. Exponentially dependent longitudinal ultrasonic at-

tenuation in z-cut natural quartz samples. Continuous line
represents aT =90 exp(—99/T).

100/T

For a wave of polarization j and propagation velocity c; in
anharmonic interaction with thermal phonons of frequen-
cy w, wave vector q, polarization i, and group velocity v;,
a linearized Boltzmann-equation treatment for the aniso-
tropic dispersive continuum will yield a low-temperature
attenuation coefficient given in Np/cm by

0 Qr;

T
T YT - 1)
Cj q,i 1

a; =
’ +(1—B,)2Q%7?

p
Here p is the mass density, 3, =v,»-/lz/cj where k is the
sound-wave vector, Cg; is the phonon-mode specific heat,
and y;; is the generalized Griineisen parameter for the in-
teraction. Equation (1) can be simplified by restricting the
interaction to a single SDTA mode whose dispersion is
represented by Fig. 5. The values of the parameters given
in the figure have been deduced from the experimental
dispersion curve for quartz along the z axis.® We have
confirmed by calculations that for temperatures above 4 K
the contribution to the attenuation for ¢ >gq;=~0.3g,,

4 fD
yd
3 e
pd
T 2f e
t: / 1 f\'!’I(J)(
w— |k / :
1
|
1 1 : 1
0 0.1 02 q, 04 05
479 max

FIG. 5. Strongly dispersive transverse-acoustic-mode model
for the lowest TA branch in the z direction of a-quartz. Fre-
quency and reduced wave-vector values taken from Ref. 8.
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greatly exceeds that from the more normally dispersive
part of the SDTA branch. Thus we may take B;=0,
w=w,, >kT /#, and integrate Eq. (1) over g space from
g1 to the zone boundary to obtain, in the limit Q%72 >>1,
the final expression

6m’pc} | ficr

3
T2 exp(—T,, /T)r;!. ()

Here y; stands for an average Griineisen parameter
T,,=%fw,/k, cr and Tp are, respectively, the phase ve-
locity and Debye temperature of the SDTA mode in the
long-wavelength limit (4.68 km/s and 596 K), and m la-
bels the parameters of the zone-boundary phonons. An
expression somewhat similar to Eq. (2) was derived in
Ref. 20 for #w,, <5kT to account for a T° temperature
dependence of the longitudinal attenuation in x-cut quartz
in the range from 15 to 30 K.

Although Eq. (2) predicts a temperature and frequency
dependence of ;T like that observed experimentally, its
exact functional form will in turn depend on how the pho-
non relaxation rate 7' varies with temperature. The
available calculation of the lifetime of high-frequency
transverse phonons is due to Orbach?! and is limited to an
elastic continuum or a normally dispersive solid. This
calculation predicts a phonon lifetime at He temperatures
of a few milliseconds, a value far too long for a fit of Eq.
(2) to our experimental results which require a 7, in the
picosecond range. It appears unlikely that an extension of
Orbach’s calculation to the case of strongly dispersive
phonons may compensate for such enormous difference in
relaxation rates since the phase velocity of SDTA pho-
nons in dispersive dielectrics is not smaller than one-half
to one-quarter of the long-wavelength limit ¢y. On the
other hand, recent experimental studies of the propagation
of near-zone-boundary TA phonons in GaAs yield values
of 7,, in the microsecond range.??> Since large-wave-vector
TA phonons appear to possess a long lifetime against
anharmonic interactions, it follows that 7,, should be lim-
ited by point-defect (impurities or isotopes) scattering as
discussed by Lax et al?® Substituting for the relaxation
rate the usual expression 7, '= Aw?,, we can finally cal-
culate the attenuation by SDTA modes through Eq. (2).

Good agreement of Eq. (2) to the best fits to our experi-
mental results requires ¥4 values of 3 and 1xX107% ¢*
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for longitudinal waves in x- and z-cut samples, respective-
ly. Taking the point-defect term from measurements of
the thermal conductivity of natural?* and synthetic?® a-
quartz as A4 ~2X10"% and 7x10~% s3, we deduced
values for y; of +0.65 and +0.70 for the x and z direc-
tions, respectively. These values of y; appear reasonable
considering the overly simplified dispersion of the SDTA
model. A slight (17%) difference in the values of T, exists
for waves propagating along the two crystallographic
directions. We feel that this variation cannot be meaning-
fully discussed in the present context that disregards full
elastic anisotropy.?® We note, however, that the experi-
mental values of T,, are within the range of the observed
variation in the frequency of the SDTA mode in quartz for
different directions in g space.?’

CONCLUSIONS

Most measurements of the low-temperature ultrasonic
absorption in pure dielectrics are limited to attenuation
changes in excess of 10~ dB/us and can be fitted by a
power law in temperature as predicted by three-phonon
anharmonic interaction theories. Piezoelectric quartz has
been extensively used, because of its freedom from trans-
ducer and bonds effects, to put such theories to test with
apparently good results above 10 K. We have presented
evidence to show that improving the precision and repro-
ducibility of the measurements reveals marked deviations
from predictions that require the introduction of real solid
features in the theory. Important in the present case has
been the inclusion of the strongly dispersive transverse-
acoustic mode to explain a dependence of the attenuation
as T 'exp(—T,,/T) below 20 K. One expects similar
deviations in other solids with soft acoustic modes where
precise low-temperature ultrasonic measurements could
provide additional information on the lifetimes of super-
thermal phonons of SDTA modes.
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