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The attenuation of 3- and 9-GHz ultrasound in pure TiO, (rutile) was measured as a function of
temperature from 4 °K to the highest temperature at which echoes were observed. Measurements were
made of transverse waves and some longitudinal waves propagating in the [001], [110], and [100]
directions. In general, it is observed that the attenuation increases rapidly with temperature beginning at
a fairly low temperature (=~ 20 °K), but that for some modes this rapid increase is cut off before the
attenuation is very large. For these modes, the subsequent increase is small so that the echoes are
readily observed at room temperature. This behavior is discussed in terms of theories of ultrasonic
attenuation. The high-temperature behavior may be related to the existence of low-lying optical modes
to which acoustic thermal phonons may scatter. The attenuation in TiO, is contrasted with that in Si

where such optical modes are not present.

I. INTRODUCTION

The attenuation of microwave frequency ultra-
sound in rutile (TiO,) has been measured by several
authors, 15 following the observation by Shaw et
al.® that at 3 GHz a shear mode had low attenuation
at room temperature. In the present work we made
comprehensive measurements at 3 and 9 GHz, from
4 °K to room temperature, and for the pure mode
axes [100], [110], and [001]. A prime motivation
was to try to understand the low attenuation. A
more general objective is to study the nature of the
ultrasonic interaction with thermal phonons in a
crystal which is complex enough so that a variety
of interactions may appear, and about which much
additional information is available. We find, in
fact, that at low temperatures there is evidence
for several different interaction processes. More-
over, several modes have the potentially useful
property of having relatively low attenuation at
room temperature.! We shall make some sugges-
tions, based on the lattice dynamics of TiO,, about
the causes of the low attenuation of these ultrasonic
modes. We shall be concerned only with pure
stoichiometric rutile; Lange” has reported some
effects of reducing rutile, thereby removing some
oxygen, on the attenuation at 1 GHz.

1. EXPERIMENTAL METHODS AND PROBLEMS

The basic procedure we used for measuring the
temperature dependence of attenuation has been
described earlier.®? The data reported are the
changes in attenuation above 4 °K from their values
at 4 °K. We are concerned with the effects of ther-
mal phonons, so that it seems reasonable to sub-
tract the apparent attenuation at 4 °’K which may be
due to impurities, defects, imperfect sample orien-
tation and polishing, and transducer losses.

loo

The sample orientation was nominally to +0.5°
of the specified crystal axis. X-ray and polarized
light examination by J. Angilello revealed that the
single crystals contained regions slightly mis-
aligned from the faces. These low-angle mis-
orientations of about + 3° probably resulted from
the Verneuil (or flame fusion) method by which
TiO, is normally grown.!® The presence of mis-
aligned regions may explain the reported variation
of attenuation with different samples.? We have
also observed large variations in the apparent at-
tenuation at 4 °K of some modes which may be
caused by the misaligned regions. In particular,
the slow transverse mode propagating in the [110]
direction (called ¢, hereafter), showed large sam-
ple-dependent attenuation. In some samples f, was
weaker than the fast transverse mode (¢,) by as
much as —30 dB/cm at 9 GHz; in others it differed
by as little as — 5 dB/cm. The explanation may be
found in a calculation by Waterman!! who derived
the changes in velocity and direction of energy
propagation of ultrasonic waves propagating in
slightly misaligned crystals. The symimetry of
rutile is tetragonal (Di}, P4,/mnm). For the case
of propagation nearly along the [110] direction of a
tetragonal crystal, substituting the elastic con-
stants of rutile into Waterman’s formulas, we find
Av(ty)/v(t,)=0.436%cos?¢ for the relative change of
velocity of the fast transverse wave (¢;) and Av(¢,)/
v(t,) = 6%(0. 85 cos®6 +8. 6 sin®¢) for the slow shear
wave /,. 6 and ¢ are the polar and azimuthal angles
of misorientation. 6 is presumably small, but ¢
can have any value, according to Waterman’s defi-
nitions. It can, therefore, happen that Av(t,)/v(¢,)
can be dominated by the term in sin?¢ and be an
order of magnitude larger than Ay(¢,)/v(¢;). In
traveling through an irregularly shaped misoriented
crystallite, the phase fronts of the ¢, wave can be
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much distorted, thereby reducing the observed
echo amplitude.

In addition to making ¢, virtually unobservable in
some [110] crystals, the presence of misaligned
crystallites impedes accurate measurements at
high temperatures even in the cases where ¢, is
strong. The difficulty at high temperatures is that
the thermal expansion of rutile is anisotropic so
that the shapes of the misaligned regions change
with temperature. Thus the shapes of the phase
fronts, and the observed echo amplitudes, change
due to this spurious effect of thermal expansion.
Different echoes can be affected differently. Since
we deduce the attenuation by comparing the ampli-
tudes of the echoes, accuracy is considerably re-
duced. This effect is mitigated by the fact that the
most rapid increases in attenuation occur below
about 50 °K. The thermal expansion is relatively
small, being proportional to the specific heat, in
this temperature region. When we observe unusual
behavior of the echoes it is usually at temperatures
greater than 60 °’K. Thus, we believe that at tem-
peratures below about 50 °K our results are not
grossly affected by the crystallite structure.

In the temperature region above 50 °K we have
tried to approach the true values of attenuation by
making measurements on a variety of samples.
The results presented are the averages of these
measurements. For the 9-GHz measurements in
the [110] direction, measurements were made on
at least six different crystals. In no case were
measurements made on fewer than three crystals
at 9 GHz, where the crystallite problem is ex-
pected to be more severe than at 3 GHz. At 3 GHz
we sometimes measured the attenuation in only one
sample if the echo behavior was reasonable, but in
the [110] direction we made measurements on at
least six different crystals to check the reproduci-
bility. Furthermore, we took some care to try to
mitigate the phasing effects on some echoes by
averaging techniques applied to the data.

Despite these efforts, we feel we do not have
satisfactory data for the transverse mode propa-
gating in tHe [001] direction. The problem is acute
here because along this axis the two transversely
polarized waves are degenerate. Slight x-ray mis-
alignment or crystallite misalignment splits the
degeneracy and causes one polarization to travel
at a slightly different velocity from the other. The
signal produced by the transducer results from the
sum or interference of these waves; when the ther-
mal expansion is large the relative phase of the two
waves varies with temperature, producing a modu-
lation of the echo amplitudes. In Fig. 2, we have
indicated by a dotted curve an average of the data
we obtained at 9 GHz, but it can only be considered
accurate to perhaps a factor of 2.

Previously reported measurements!:2:% of the

attenuation of this wave at high temperatures do
not refer to this problem. This may be because
those measurements were made at only one tem-
perature. The problem could be avoided by the use
of a linearly polarized transducer oriented along a
[100] axis. In Refs. 1 and 6 magnetic transducers
were used, as in our experiments. They produce
both transverse polarizations. In Ref. 2 CdS film
transducers were employed, but the orientation
was not specified.

The use of magnetic film transducers!® is a con-
venience in most cases because it usually allows
all modes of polarization to be measured with the
same transducer. We used the same samples and
transducers at both 9 and 3 GHz. At 3 GHz, how-
ever, we were able to observe the longitudinal (7)
mode only for a [001] oriented sample. We have
observed in materials other than rutile that  modes
are not always generated at 3 GHz, whereas they
are always observed at 9 GHz. The reason for this
is not clear, but in order to generate / modes the
d. c. magnetic field H, must be inclined to the film
normal. The field Hj is fairly low (=6 kG) at 3
GHz, and it may be that the demagnetizing fields
due to the planar geometry cause much of the mag-
netization to lie in the plane of the film. In this
configuration the / mode is not generated. 2

The temperatures of the samples were measured
by lightly pressing a thermocouple on a surface.

In all the data reported here except in the [100] di-
rection at 9 GHz, an Au 2.1 at.% Co thermocouple
was used. The thermocouple was checked against
a Ge thermometer. Inthe range 15< T'<40 °K the
two thermometers agreed to within 2 °K. The rela-
tive temperature is probably more accurate. We
also made a number of measurements using a Cu
constantan thermocouple, and the relative temper-
ature change was usually close to that measured
with the Au-Co thermocouple.

III. LOW-TEMPERATURE RESULTS: EXPERIMENT
AND THEORY

As an aid in interpreting the experimental ob-
servations, we summarize the results of the theory
of ultrasonic attenuation due to interaction with
thermal phonons at low temperatures. For our
purposes, low- and high-temperature regions will
be differentiated by the value of the parameter w7.
w is the circular frequency of the ultrasound and
7 is a thermal phonon relaxation time, presumably
of thermal phonons of energy of order kT that are
the dominant source of ultrasonic attenuation. The
low-temperature region is characterized by w72 1;
in this region a description in terms of individual
thermal phonons is appropriate. In the high-tem-
perature region w7<1; the ultrasound behaves as
a quasistatic modulation of the short-lived thermal
phonons. The theory!? of ultrasonic attenuation by
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thermal phonons can be summarized in three cases.
(a) Ultrasound of polarization 7 interacting with
phonons!* of higher branch, :

_ 1hw (kT 4
% " 240pv,0} 7) ¥, (Np/cm) for w7>1. (1)

This is the well-known Landau-Rumer case; the
result is independent of phonon relaxation time, and
is insensitive to lattice dispersion and anisotropy.
w is the ultrasonic frequency, p is the density, v,
and v, are the ultrasonic and phonon phase veloci-
ties, respectively, »?is a constant containing sec-
ond- and third-order elastic constants. By “branch”
we mean the entire phonon dispersion curve of
given polarization.

(b) Ultrasound of polarization ¢ interacting with
phonons of same branch, i:

Ui (kT)z : 1
=38 4o\ ) Vit 7,2 ©OF 1w T (T/6;)>1 (2a)
and
™ (kT
%= 52008 \ 7 % for 1wt (T/0;) <1 <wT,. (2b)
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FIG. 1. Temperature dependence of ultrasonic atten-
uation along the [001] or ¢ axis of TiO,. The 9-GHz
curve is the average of data of several samples and runs;
the error bars indicate the scatter among these data.

The 3-GHz curves are the results of a typical run, to in-
dicate the scatter of data obtained in a single run at this
frequency. All polarizations indicated in Figs. 1-8 refer
to the ultrasound, not the phonons.
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In Eq. (2a), lattice dispersion has been included
in the energy uncertainty by approximating the lat-
tice by a linear chain of spacing a. ®, is the char-
acteristic temperature of the ith branch in the
Debye approximation: ®, =w#y,/ka. Special con-
sideration must be given to ¢; + T; ~ T, since for
collinear interactions along axes of evenfold sym-
metry ¥;,=0 in this case. The { waves must then
interact via the anisotropy of the y;;. The solution
by Shiren!® is of the form

_ (kr)‘ Yin
M 15pof\w /) T, (2c)

where ¥, is an average Griineisen parameter
which may be a decreasing function of tempera-
ture. Since T;l varies strongly with temperature,
perhaps'®!” as 75, Eqgs. (2a)-(2c) allow for tem-
perature dependences from 7° through T,

(c) Ultrasound of polarization 7 interacting with
phonons of lower branch, u:

7 (kT 4qu
= 180pvie h‘) T, @)

The derivation of the above formulas generally
neglects the anisotropy of the ultrasonic velocity.
Recent detailed calculations!® indicate that this
anisotropy can result in weakened temperature de-
pendences, particularly for transverse waves in
cubic crystals, and perhaps in rutile!® also.

We will now compare the observed frequency and
temperature dependences with the various possi-
bilities given in Eqs. (1)-(3).

A. [001] Direction
1. t Wave

Both Lange* and Nava et al., ® report approxi-
mate a < wT* although Lange’s data are shifted to
lower temperature than those of Nava et al. At 3
GHz our data also give T* dependence, and Lange’s
data are shifted to lower temperature than ours.

At 9 GHz our accuracy is lower since we have few-
er echoes. Our most accurate runs indicate a
higher temperature dependence than at 3 GHz; it
appears that ¢ o 7%, This behavior is rather dif-
ficult to explain since one would expect that any
process having a temperature dependence higher
than T*would have frequency dependence lower
than w!. One would not expect such a process to
catch up to a process that has an ' dependence.
However, the difficulty in obtaining accurate data
at 9 GHz makes too much speculation unwarranted.
(See Fig. 1.)

2. | Wave

The earlier data of de Klerk® indicate a T° be-
havior at the lowest temperatures, Lange* finds
T", and Nava et al.’® show a T° dependence. At 9
GHz, our data give 7™2, At 3 GHz we find a T*
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dependence. This exemplifies another experimen-
tal difficulty. The attenuation rises rapidly in a
certain temperature region and then bends over at
high temperatures. The temperature dependence
is largest at very low temperature and decreases
at high temperature. Thus in measuring a partic-
ular temperature dependence one is not sure that
by going to a lower temperature he could not find
a higher temperature dependence. The lowest
temperature at which attenuation can be observed
is related to the number of echoes one can mea-
sure. This varies with frequency and with the po-
larization. Evidently for the / attenuation at 3 GHz

there is a more rapid temperature dependence in
a temperature range where we do not have suffi-

ciently accurate data.

We cannot add much to the interpretation of Nava
et al.® that the ¢-wave attenuation is due to a pro-
cess given by Eq. (1), which is #+L-~ L. Our data
at 9 GHz suggest a higher temperature dependence,
which could be produced by a ¢+ T— T interaction.
The data are not accurate enough to be definitive.
The ! attenuation was explained by Nava ef al. as
1+ L- L. At the lowest temperature, the theory
predicts a weaker temperature dependence than is
observed. 35

One general comment about the low-temperature
attenuation is that it begins at exceptionally low
temperatures. In an earlier paper, ° it was ob-
served that in many materials (Ge, Si, MgO, Al,Os,
etc.) an attenuation of 3 dB/cm at 9 GHz occurred
at about 7/®@~0.1, where @ is the Debye tempera-
ture. Although this “rule” is only an empirical ob-
servation, it is interesting to see if it applies to
TiO,. The reported?® Debye temperature of TiO,
is ®,="7178 °K, which suggests that attenuation
should start at about 80 °K. Instead we find con-
siderable attenuation at 40 °K. However, we should
examine how the Debye temperature is to be ob-
tained for complex lattices. The most common
procedure, and the one followed?® in the case of
TiO,, is the strict Debye approximation: the num-
ber of acoustic modes is set equal to 3N, where N
is the total number of atoms in the crystal. For a
mole, N=nN,, where » is number of atoms per
molecule and N, is Avogadros number. In this ap-
proximation the measured molar specific heat is
fitted by a formula

C, = 1 e(nNo)(T/®p)* (J/mole °K) , (4)

which thus determines ®,. The total number of
acoustic modes accounted for in Eq. (4) is 3(rN,).
More refined treatments?! of the specific heat,
originating with the Born-von Karman model, sep-
arate the lattice motion into acoustic and optical
branches. According to such an interpretation the
number of acoustic modes is three times the num-
ber of unit cells in the crystal. For crystal struc-

tures in which there are » molecules per unit cell,
there are thus 3N,/7 acoustic modes per mole.
The appropriate Debye formula for these acoustic
modes is

C, =¥ mr(Ny/7)(T/0®)* (5)

for the molar heat capacity at very low tempera-
tures. For monatomic lattices not containing a
basis, Egs. (4) and (5) are identical since n=1 and
r=1. For TiO,, however, the number of atoms in
a molecule is =3 and the number of molecules per
unit cell?? is »=2. The Debye temperatures deduced
from Eqgs. (4) and (5) are in the ratio /@p = (n7)"V3.
Thus we find that a more correct interpretation of
the specific-heat data gives ®=428 °K at 0 °K, in-
stead of 778 °K, for rutile. This brings rutile
more into line with the rule that  ~# 3 dB/cm at
T/@~0.1.

One may ask whether the rule would be obeyed
for other crystals if ® were consistently determined
in the above manner. We have not checked how the
Debye temperatures of all the materials surveyed
in Ref. 9 were obtained. We have checked the
data® for Si, however, and find that Eq. (4), with
n=1, was used to derive ®=645° for Si at 0 °K.

We believe the appropriate formula is Eq. (5) with
r=2, since there are two Si “molecules” (they are
single Si atoms in this case) per unit cell. Use of
Eq. (5) would give a Debye temperature of 516 °K
for Si at 0 °K. This would make the agreement of
the attenuation in Si with the rule poorer; more
likely the rule would have to be modified if values
of ®@obtained from Eq. (5) were used. Materials
that have low attenuation tend to have complex
crystal structures.?® Thus, the definition of the
Debye temperature, and its significance, should
be carefully treated in these cases. At high tem-
peratures it is more correct to use ®, because all
modes are excited.

B. [110] Direction
1. Fast Transverse (t, ) Wave (Polarized || [001])

At 3 GHz, the temperature dependence was T "%,
and at 9 GHz we found o @ 7%!, in a somewhat
higher temperature range. The number and ac-
curacy of these measurements was greater than
for the [001] direction, so we are more confident
that the temperature dependence of this wave is
greater than T, This implies that the attenuation
process is not the Landau-Rumer {+ L— L, but is
more likely governed by Eq. (2a), which is a
t+ T—- T process. The frequency dependence is
weak, but it is difficult to distinguish an »° from
an ! dependence, within the experimental error.
Our result differs greatly from that of Lange* who
finds a T dependence shifted to a lower tempera-
ture. (See Figs. 2 and 3.)
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FIG. 2. Temperature dependence of attenuation of 3-
GHz ultrasound propagating along a [110] axis of TiO,.
t, is the fast transverse wave, polarized parallel to [001]
and t, is the slow transverse wave polarized parallel to
[1T0]). The curves are averages of several samples and
runs, and the error bars indicate the scatter among these.
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FIG. 3. Temperature dependence of attenuation of 9-
GHz ultrasound propagating along a [110] axis of TiO,.
Cf. caption of Fig. 2 for details.
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2. Slow Transverse (t, ) Wave (Polarized || [ 1 10))

The minimum attenuation that we could observe
for ¢, was less than for ¢, at 3 GHz because there
were fewer f, echoes. The strongest temperature
dependence was g« T*! at the lowest temperatures
of observation. At 9 GHz we find o T%2, The
frequency dependence between 3 and 9 GHz is weak,
but it is difficult to distinguish between ° and '
dependences within experimental uncertainty. Our
dependences differ from Lange’s* measurement
which yielded o« w872

3. Longitudinal (1) Wave

The [ wave was measured only at 9 GHz, and
was found to have ao« T"*!. On one occasion, we
saw an [ echo in the temperature range 60-100 °K,
which suggests that the [ attenuation decreases
from about 30 to 60 °K. This decrease was ob-
served by Lange® at 3 GHz, who also measured a
T® dependence at the lowest temperature. Lange’s
result suggests a process governed by Eq. (3)

(1+ T~ T); our result is compatible with that, since
our measurement may be at a higher temperature.

C. [100] Direction
1. Fast Transverse (t, ) Wave (Polarized || [ 010] )

This wave has one of the strongest temperature
dependences ever reported for a transverse wave.

T

T TTITTT
[100] -3GHz

o1l

1

ATTENUATION (dB/cm)

10 30 100 300
TEMPERATURE (°K)

FIG. 4. Temperature dependence of attenuation of 3-
GHz ultrasound propagating along a [100] axis of TiO,.
t3 is the fast transverse wave, polarized parallel to [010].
t; is the slower transverse wave polarized parallel to
[oo1].
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At 3 GHz we find ao T10t§, It is difficult to esti-
mate the possible experimental error since the
attenuation varies so rapidly. At 9 GHz, we only
have measurements using a Cu-Cn thermocouple
as the thermometer, so our accuracy is somewhat
reduced. At 9 GHz we find ax T!*5, a very rapid
temperature dependence indeed. (See Figs. 4 and
5.)

In order to explain this strong temperature de-
pendence one must go beyond the usual approxima-
tions used in calculating the ultrasonic attenuation.
According to Eq. (3) the highest temperature de-
pendence one might expect is a; < T%7,« T°. This
result depends on assuming that v, is constant.
Because of dispersion v, depends on the phonon
frequency. As the temperature increases, higher
phonon frequencies become important so that ef-
fectively v, decreases. This produces an increased
temperature dependence of «;. The effect of this
correction, suggested by Shiren, is calculated in
detail in a recent paper® in which it is shown
that at temperatures around 0. 1@, the temperature
dependence can be increased to about 7'1%4,

2. Slow Transverse (t, ) Wave (Polarized || [001] )

The temperature dependence is o o T%!, This
wave is interesting because in this propagation di-
rection #, has two phonon branches higher than it-
self; it can have allowed (Landau-Rumer) interac-
tion with both of these, Eq. (1). Nevertheless, this
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¢, is similar to # propagating in the [001] and [110]
directions. This suggests that there is very little
t;+ T3~ Tg interaction.

3. Longitudinal Mode

At 9 GHz we find a T2 temperature dependence.
At the lowest temperature Lange* reported a T"
temperature dependence for the mode, but his
curve is shifted to lower temperature than ours.

IV. HIGH-TEMPERATURE RESULTS: EXPERIMENT
AND THEORY
The theory of ultrasonic attenuation discussed in
Sec. III predicts that in the limit of w7 <1 the at-
tenuation is of the form

ax YT (w7<1), (6)

where v is an anharmonic (Grineisen) constant
which in general has different values from the ones
discussed in Sec. III, and k is the thermal conduc-
tivity. This predicts that at high temperatures,
where the thermal conductivity is a decreasing
function of temperature, the temperature depen-
dence of o will be T™ where m<1. This weak tem-
perature dependence is observed experimentally in
many materials at high temperatures. The rather
unusual feature of our results on rutile is the rela-
tively low temperature at which the modes enter
the w7<1 regime. This has the advantageous effect
of cutting off the rapid increase in attenuation of
some modes before the attenuation is too high. As
the temperature increases in this high-tempera-
ture region the increase in attenuation is small or
negative. This results in the shear wave #; having
relatively low attenuation at room temperature, as
others!+?'® have noted.

To illustrate this point, let us contrast the be-
havior of TiO, with another crystal that resembles
it in many respects, but does not have as low ultra-
sonic attenuation. Such a crystal is Si. As shown
in Fig. 6, the measured Debye temperatures [in the

I
(] 100 200 300

T(°K)

goo Lt 1+ 1 |14

FIG. 6. The Debye temperatures ®p,, TiO, and Si as

functions of temperature, 7. [After Traylor et al. (Ref.
22) and Flubacher et al. (Ref. 23).]
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FIG. 7. Phonon lifetimes of TiO, and Si as functions
of temperature 7. The values are derived from mea-
surements of thermal conductivity, specific heat, and
sound velocities.

sense of Eq. (4), cf. discussion there] of TiO,?
and Si?® are similar in both magnitude and temper-
ature dependence. This is a gross indication of
lattice dynamical similarity. In Fig. 7 we com-
pare the thermal phonon lifetimes 7, as derived
from the measured thermal conductivities of Si%®
and TiO,?" according to 7=3k/Cv?, where C are
the measured heat capacities. 2”2 At a given tem-
perature the phonon lifetimes are shorter in rutile.
In agreement with the observed bending over of the
attenuation curves, the temperature at which
wT~1 (1~ 3x10™! sec) is found to be T~ 50 °K in
TiO,. In Si one would expect from Fig. 7 that
wT~1at T~160 °K. To check the temperature at
which the transition between low-temperature and
high-temperature attenuation occurs in Si, we have
measured the temperature dependence of 3-GHz
transverse waves in the [110] direction in Si. The
results, shown in Fig. 8, are that for the fast
transverse (¢,) wave the attenuation deviates from

the low-temperature 7*dependence at about 130 °K.

This is substantially in agreement with w7~1 for
Si. The slow transverse mode similarly shows
departures from the low-temperature 73 depen-
dence at T~ 130 °K.

The remaining fundamental question is why two
materials having some similarity of thermal and
lattice properties (Debye temperature, sound ve-
locities) differ so greatly in the thermal phonon

lifetimes. A possible answer may be surmised
from a comparison of the phonon dispersion curves
of TiO, % and Si, 2® some of which are reproduced

in Fig. 9. Of the 15 optical branches of TiO,, the
figure shows only the lower ones. It is evident that
in addition to the acoustic branches in rutile there
are low-lying optic branches that may participate
in the scattering of acoustic branch thermal pho-
nons. This is the greatest difference from the lat-
tice modes in Si. The acoustic branches of both
materials are roughly similar which explains the
similarity of their Debye temperatures. One would
also expect the umklapp scattering of the transverse
phonons to be similar in these lattices because it
depends on the acoustic branches.

The presence of many low-lying optical branches
in TiO, could affect the thermal phonon lifetimes of
the longitudinal acoustic (LA) phonons by allowing
processes of the type LA + LA—optic, or LA+TA
—~optic, where the process can either be normal or
umklapp. Umklapp scattering of LA phonons is im-
possible in the absence of optical phonons. Addi-
tional scattering of the TA phonons of the type TA
+TA —optic is also possible. It is difficult to cal-
culate the rate of acoustical phonon scattering to
optical phonons. We note that the phase space for
acoustic + acoustic —~ optic is similar to that of
acoustic scattering to other acoustic branches,
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FIG. 8. Temperature dependence of attenuation of 3-
GHz ultrasound propagating along a [110] axis of silicon.
t; is the fast transverse wave, polarized parallel to [001].
t, is the slow transverse wave, polarized parallel to
[1T0].
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FIG. 9. Phonon dispersion curves of TiO, and Si as
measured by neutron diffraction [after Traylor et al.
(Ti0,) (Ref. 22) and Dolling (Si) (Ref. 28)].

which would tend to make their magnitudes similar.
Optic mode scattering has been invoked?®® to explain
thermal conductivity results in Ge, Si, and OI-V
compounds at temperatures near or above their
Debye temperatures. In rutile there are optic
modes with energies as low as 140 °K, so that they
may have an influence attemperatures around 40 °K,
despite a nominal Debye temperature of 778 °K at
0°K.

It has been pointed out by Oliver and Slack?* that
“complex” crystals tend to have low thermal con-
ductivity and low ultrasonic attenuation. In our ex-
planation, the idea of “complexity” must be re-
fined; not only are optic modes present but some
of them have low energies. This may explain why
crystals like SiO, (a quartz) and Al,0;, which seem
fairly complex, nevertheless have normally high
attenuation. In quartz there are 24 optic modes,
even more than in rutile, but according to the re-
ported neutron scattering measurements, 3° there
are no low-energy optical modes comparable to
rutile. One would expect further that the same
crystal structure could have quite different ultra-
sonic attenuation depending on whether the optical
modes have energies well above or below the
acoustic branches.

Detailed neutron scattering measurements are
usually not available, particularly for complex
crystals, so that it will not often be possible to
predict which crystals will have low attenuation
from dispersion curves. An indication of possible
low ultrasonic attenuation might be a high dielec-
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tric constant. The dielectric constant is related to
the optical mode frequency by the Lyddane-Sachs-
Teller relation, which in its simplest form is

€/ €.=wi/w%, where ¢, (€.) are the low (optical)
frequency dielectric constants, and w; (wr) are the
longitudinal (transverse) optical mode frequencies.
Thus a high value of €, may be associated with a
low value of wr, which would favor low ultrasonic
attenuation. In the case of rutile the I'] optical
mode is responsible for the high dielectric con-
stants, 22 which are €,=170 (lic) and €,=90 (Lc).

By comparison, for Si, €,=12; for Al,O3, €,=10;
and for « quartz, €,=5, which gives no indication
of unusually low polar modes. In these materials,
the ultrasonic attenuation is higher than for TiO, at
room temperature. Of course, a normal dielec-
tric constant (¢,~ 10), does not necessarily mean
attenuation will be high; it means only that the polar
modes have similar frequencies. There could also
be nonpolar modes with low frequencies which could
participate in acoustic phonon scattering. This
may be the case in the garnets. Nor does a high
dielectric constant necessarily prove that attenua-
tion will be low, since it is the ratio w;/wy that
enters; both wy and w, could be much higher than
the acoustic branches. However, if ¢, is high it
may be because wr is low. €, may thus be an indi-
cator of low attenuation, but the correlation need
not be perfect. In the extreme case of ferroelec-
tric materials, the soft optical mode may be of
such low frequency that it can couple directly to
the ultrasound. Despite the increased acoustic-
optic phonon scattering, the net effect in ferroelec-
trics may be an increase in ultrasonic attenuation. 3!

V. SUMMARY AND CONCLUSIONS

We have surveyed the low- and high-temperature
ultrasonic attenuation of waves traveling in the
[001], [110], and [100] axes of TiO,. Complete
understanding of the attenuation processes depends
on the knowledge of the coupling constants between
the ultrasound and the phonons, and on the life-
times of the phonons. The Griineisen constants are
presently unknownbut are independently measurable.

The short lifetimes of the phonons which seems
to be responsible for the low attenuation of some
ultrasonic modes may be caused by either the
strong acoustic phonon-phonon interaction or by
the presence of low-lying optic modes. If the lat-
ter is a general effect then it may be possible to
use the dielectric constant of a material as an in-
dicator of potentially low ultrasonic attenuation.
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