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The propagation of ballistic heat pulses at low temperature in a-quartz (SiO,) and lithium niobate
(LiNbO3) is characterized both experimentally and theoretically. The phonon-imaging method is
used to determine the ballistic heat flux emanating from a point source. Both crystals exhibit large
flux anisotropies due to phonon focusing. It is well known that such patterns arise from elastic an-
isotropy. The aim of this paper is to show how the heat flux is affected by the inherent piezoelectri-
city of these crystals. We have extended the usual calculation of phonon focusing to include the ef-
fect of piezoelectricity in the quasistatic limit by introducing “stiffened” elastic constants into the
standard calculation of phonon flux. The resulting theoretical images agree quite well with experi-
ment and show that while the effect of piezoelectricity on phonon focusing is small in a-quartz, it is
dramatic in lithium niobate. A theoretical study is included which shows the interesting topological
changes in the slowness and wave surfaces in lithium niobate as piezoelectric stiffening is gradually

(hypothetically) introduced.

I. INTRODUCTION

The study of ballistic heat-pulse propagation through
anisotropic materials at low temperatures has been greatly
expanded through the use of phonon-imaging tech-
niques.!~® It has been found that even in slightly aniso-
tropic materials a heat pulse generated at a point on one
crystal surface displays a very nonuniform angular distri-
bution of phonon flux through the sample. Along certain
directions the phonon flux is predicted to be mathemati-
cally infinite. Patterns of these singularities, already ob-
served in a number of insulating and semiconducting crys-
tals, have been well explained in terms of elasticity theory
for an anisotropic medium.

The phonon-flux anisotropy is largely due to a bulk ef-
fect known as “phonon focusing.” This effect occurs be-
cause the phonon wave vector and its corresponding
group-velocity vector are not in general parallel. As origi-
nally shown by Taylor, Maris, and Elbaum,* this leads to
a very pronounced directional dependence on the phonon
energy flux even with a uniform distribution of phonon
wave vectors.

A technique for directly imaging the ballistic phonon
flux was developed by Northrop and Wolfe.! In this
phonon-imaging method, a focused laser beam is raster-
scanned across the surface of the crystal and the resulting
variation in heat pulse is detected by a small fixed bolom-
eter on the opposite surface. Recently, scannable electron
beams have also been used as the heat source.? So far,
phonon-imaging methods have been used to characterize
the dispersion of large-k phonons’® in Ge and GaAs, ob-
serve phonon-dislocation interactions® in LiF, and study
the scattering of high-frequency phonons at sapphire in-
terfaces.”?

Invariably, the experimental images of ballistic heat
flux have been analyzed in terms of previously measured
elastic constants of the crystal. By solving the Christoffel
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equation for a given phonon energy the «( K) relations are
obtained for each of three phonon modes. The constant-
frequency surfaces in wave-vector space and the wave sur-
faces of all possible group velocities are useful construc-
tions in understanding the details of the phonon-focusing
patterns. As an additional theoretical step, a Monte-Carlo
calculation can be carried out in which a uniform distri-
bution of phonon wave vectors is transformed into the
corresponding nonuniform distribution of group-velocity
vectors, giving the real-space distribution of phonon flux.
In this paper we report the results of such phonon-
focusing calculations and phonon-imaging experiments on
a-quartz and lithium niobate. We have chosen these crys-
tals both because of their technological importance and
also to test the effects of piezoelectricity on phonon focus-
ing. We have extended the phonon-focusing calculation
to include the piezoelectric effect in the quasistatic limit
through the use of directionally-dependent *stiffened”
elastic constants. The resulting calculated distributions
are found to compare favorably with experimental images.
Indeed, for lithium niobate there are remarkable differ-
ences in the wave surfaces and flux patterns predicted for
unstiffened versus piezoelectrically stiffened elastic con-
stants. Thus, our study shows a profound influence of
piezoelectricity on ballistic heat flux in this crystal.’

II. PHONON-FOCUSING THEORY

A. Basic considerations

Continuum elasticity theory'® is used to predict phonon
focusing in the limit where phonon wavelengths are much
larger than the lattice constant. For a nonpiezoelectric
material the problem begins with the generalized Hooke’s
Law

0 =CiimnSmn » (1)
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FIG. 1. Constant-frequency (or slowness) surface for a-

quartz. The slowness surface obtained by using the constant-
field elastic constants in Eq. (1) are not noticeably different
from those obtained by using the properly stiffened constants in
Eq. (13). The grid of lines define constant 6, and ¢, at five-
degree intervals in the range —30° < ¢ < 150° and 0° < 6 < 160°.
The thick lines indicate where surfaces have zero Gaussian cur-
vature. The z and x axes are the threefold and twofold sym-
metric axes of the crystal. (a) The ST sheet. (b) The FT sheet.
(c) The L sheet.
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FIG. 2. Wave surface for a-quartz consisting of group-
velocity vectors associating with the set of wave vectors shown
in Fig. 1. The fold edges of this surface correspond to the lines
of zero Gaussian curvature in Fig. 1. (a) The ST sheet. (b) The
FT sheet. (c) The L sheet.
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TABLE I. Elastic stiffness constants for a-quartz (Ref. 11) and lithium niobate (Ref. 12) in units of

10'° dyn/cm?.

Material ch ch cE ck, ck cL
a-quartz 86.103 10.43 12.894 —17.206 108.552 59.215
4 K)
lithium niobate 203 57.3 75.2 8.5 242.4 59.5

(300 K)

where o;; is the stress applied in the ith direction to the
Jjth plane, Cj;,, are the elastic stiffness constants,

1 | Ou, Oup

SmnEE

0x,, Ox,

is the strain tensor, and U is the displacement from equili-
brium at position X=(x,%,x3).
For a crystal of density p, the equation of motion,
azui do ii
j
=0 (2)
P ar? dx j ’

has a plane-wave solution,

ﬁz-ﬁoei(wt-—k‘x)’ (3)

which yields the Christoffel equation,
(Cljmnk]km —pa)zﬁ,-n )un=0 . (4)

The solution of this equation for a given phonon frequen-
cy o results in three sheets of allowed wave vectors corre-
sponding to the longitudinal (L), slow transverse (ST), and
fast transverse (FT) phonon modes. Figure 1 shows these
three constant-frequency surfaces for a-quartz, based on
the constant-field elastic constants given in Table I. This
simplified use of the constant-field elastic constants was
the procedure employed by Rosch and Weis,'* who calcu-
lated a pseudo-three-dimensional representation of the
phonon flux well before any phonon-imaging experiments
were demonstrated. The proper inclusion of piezoelectri-
city, as discussed below, greatly complicates the calcula-
tion, but it turns out that for quartz the simplified use of
constant-field elastic constants yields a good approxima-
tion to the actual flux distribution.

Quartz has trigonal symmetry (D;), implying that
there are six independent elastic constants. We have used
the values of Smagin et al.!! which were measured at low
temperature by the resonance method. The transverse
surfaces, as shown in Figs. 1(a) and 1(b) are highly non-
spherical, and the thick lines represent the locus of points
where the Gaussian curvature K vanishes. These lines
separate convex and saddle reglons of the surface. Noting
that the group- veloc1ty vector V="V ;o corresponding to
a given wave vector is normal to the slowness surface at
that point, it follows that along the K =0 lines, a
mathematically singular concentration of group-velocity
vectors results.

The locus of group-velocity directions corresponding to
these K =0 lines can be calculated, and projected onto the
experimental surface, forming a singularity pattern for the
crystal [see Figs. 3(c) and 4(c)]. Another way of seeing

this pattern is to plot the surface of all group-velocity vec-
tors, or wave surface, which is shown in Fig. 2 for the
three modes in a-quartz. Folds in these surfaces corre-
spond to singular flux directions.

B. Phonon focusing in piezoelectric crystals

For piezoelectric materials an applied stress produces a
strain field and an electric field in the crystal. The
stress-strain relation is therefore not as simple as before.'*
These effects can be described by the piezoelectric stress
equations

Oij= Cgmnsmn _eierr s (5a)
and
Dy =CimnSmn+E1Ey , (5b)

where e;; are the piezoelectric stress constants, €). is the
dielectric tensor at constant strain, D; is the electric dis-
placement field, and E, is the electric field.

We proceed by first assuming no free charge and that at
sound velocities magnetic induction can be neglected; that
is,

- aD;

V-D=0= )
\v/ ax, (6)

In the “quasistatic” approximation
E=—V¢, ¥)

where ¢ is the electric potential. Now since there is no
free charge

aD, 3S,mn dE,
3%, 3, St =0
or
9Smn 3%
Cimn axl E‘IS; ax, ax, .

Again, assuming a plane-wave solution

-

W =tge! @K%, 9
and

p=oe’ @K (10)
the right-hand side of Eq. (8) becomes

e?;a ox, =erk,kip=e%¢ . (11)
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We now have, using Eq. (8) and the definition of S,,,
above,
. .. €l aSm krelm kl
E, =ik, =ik, e";; axln - es’: Smn - (12)

Using this expression in Eq. (5a), we have

k,e; ke
Uij: Ci?mn —_"_U;'SKLI'"_" Smn ECi'jmnSmn ’ (13)
which defines the stiffened elastic constants, Cj;,,. Table
I lists the piezoelectric strain constants and dielectric
constants for a-quartz and lithium niobate.

By substituting these wave-vector-dependent elastic
constants for Cj;,, into the Christoffel equation [Eq. (4)],
we can again solve for the constant frequency surfaces
and parabolic lines of a given piezoelectric material. - Of
course, the calculation is much more tedious because it in-
volves computing the first and second derivatives of the
Ciimnkmk, with respect to the wave-vector com-
ponents.l'16 As in the nonpiezoelectric case, such deriva-
tives are required for determining the group-velocity vec-
tor and the Gaussian curvature (i.e., the Jacobian of the
K-to-V transformation). We have carried out these calcu-
lations for the case of a-quartz!® and the resulting
constant-frequency and wave surfaces are nearly identical
to those calculated with unstiffened constants.

For comparison with experimental results, it is useful to
make a Monte Carlo simulation of the phonon flux. A
large number ( ~ 10°) of phonon wave vectors are random-
ly generated in an isotropic distribution and their corre-
sponding group-velocity vectors are computed and pro-
jected onto a viewing surface. Figure 3(a) is such a Monte
Carlo image calculated without piezoelectric correction
for a-quartz. The viewing surface is normal to the ¢ axis
and extends +56° left to right. To aid in identifying the
various structures, Fig. 3(c) is a map of the singular and
near-singular structures for the same range of propagation
directions. Fast and slow transverse caustics are
represented by the thick and thin lines, respectively. The
dashed lines are directions of local but nonsingular maxi-
ma in flux associated with the slow transverse mode. Lo-
cal maxima in fast transverse phonon flux can also be
found, but they are less pronounced and are not included
in the line drawing. Such nonsingular structures have

TABLE II. Room-temperature electroacoustical constants
for a-quartz (Ref. 15) and lithium niobate (Ref. 12).

a-quartz lithium niobate
Piezoelectric stress e;1=0.171 e;5=3.76
constants (C/m?)
3142-—0.0406 €22=2.43
e3;=0.23
€33= 1.33
Dielectric permittivity €5,=0.0392 €51=0.392
constants (10~° F/m)
€5,=0.04103 €5,=0.247

(a)

(b)

- F T caustic
—— ST caustic
----- ST precursor

(c)

FIG. 3. Monte Carlo image calculation of the phonon-
focusing pattern for a-quartz viewed along the ¢ axis. The im-
age extends +56° horizontally. (a) Piezoelectricity neglected. (b)
Piezoelectricity included. (c) A line drawing of the singular and
near-singular (precursor) structures of a-quartz viewed along
the c axis.
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FIG. 4. Monte Carlo image calculation of the phonon-
focusing pattern for a-quartz viewed along the —y direction and
extending +56° horizontally. This is equivalent to a viewing
surface with normal along the ¢,=30° direction in the x-y
plane, for comparison with Fig. 2. (a) Piezoelectricity neglected.
(b) Piezoelectricity included. (c) A line drawing of the singular
and near-singular structures of a-quartz viewed along the —y
direction.
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previously been called “precursors,” because slight
changes in elastic constants can change them into singu-
larities.’

Figure 3(b) shows the Monte Carlo calculation with
piezoelectricity included. It can be seen by comparison
with Fig. 3(a) that the changes due to the proper inclusion
of piezoelectricity into the calculation are small. Figures
4(a) and (b) show similar Monte Carlo calculations for a
different viewing direction, namely along —y. This is
equivalent to viewing along the ¢,=30" direction in the
x-y plane, and corresponds approximately to the view of
the wave surface shown in Fig. 2. Again it can be seen
that the proper inclusion of piezoelectricity to the calcula-
tion [Fig. 4(b)] has little effect on the phonon-focusing
pattern—for quartz.

III. EXPERIMENTAL RESULTS

The phonon-imaging technique is similar to that used
in earlier work."” A small (5050 um?) superconduct-
ing Al bolometer, biased to the midpoint of its supercon-
ducting transition, provides a sensitive and fast detector
of phonon flux capable of 1° angular resolution for our 3-
mm-thick samples. The heat source is an argon laser that
is focused to a 50-um spot which is slowly scanned across
a copper film evaporated onto the sample. The laser beam
is modulated to produce 100—200-ns pulses at a repetition
rate of 100 kHz. For a given laser-spot position, the sig-
nals are sharp ballistic pulses followed by long tails,
which are identified with phonons scattered in the bulk of
the crystal (see Fig. 7 and discussion below). For the pho-
non images a selected time interval is sampled by a boxcar
integrator in order to accept fast and/or slow transverse
modes over a range of propagation directions. The time-
integrated signal, for a given x-y position of the laser
spot, is stored in the form of a 256X256 array and
displayed on a video monitor for analysis. The resulting
images for two a-quartz crystals of different orientation
are shown in Figs. 5 and 6.

Figure 5 shows a sequence of time-resolved ballistic
phonon images from an a-quartz crystal'” of dimension
15%x15%3 mm?>. The laser spot was scanned across one
of the larger faces which is oriented perpendicular to the
crystallographic ¢ axis. In this case, a 100-ns laser pulse
and boxcar gatewidth was used, and several gate delays
were chosen to select decreasing phonon velocity. At the
earliest time (800 ns), the most intense feature consists of
three short spokes radiating from the ¢ axis. This struc-
ture is not predicted by the Monte Carlo calculation of
Fig. 3, which is based on the constants in Tables I and II.
We will discuss the possible origins of this three-spoke
feature below. Also, in Figs. 5(a), 5(b), and 5(c) the fast
transverse caustic structure predicted in Fig. 3 can be
seen. Figures 5(b) and 5(c) show the onset of a triangular
feature corresponding to the slow transverse mode. Final-
ly, Fig. 5(d) shows early segments of the slow transverse
precursors predicted by the dashed lines in Fig. 3(c). The
cusp points at which the precursor lines meet are quite in-
tense, more than predicted by the Monte Carlo calcula-
tions. In general, however, the main slow and fast trans-
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(b)

(d)

FIG. 5. Experimental ballistic phonon images for a 3-mm-thick crystal of a-quartz with detector and generator surfaces normal to
the c-axis. The time gate of the boxcar integrator was 100 ns wide. (a) 800-ns delay after laser pulse, (b) 860-ns delay, (c) 900-ns de-

lay, and (d) 1100-ns delay.

verse structures are well predicted by the above calcula-
tion.

Figure 6 shows an experimental phonon image for a-
quartz along the negative y axis, or more precisely, the
[0110] direction. In this case, a wide (800 ns) boxcar gate
was used to collect all of the slow and fast transverse
structures. The data is similar to that obtained by Eichele
et al.? using electron beam scanning. Again, the observed
phonon-focusing pattern is very close to that predicted by
the above theory, as displayed in Fig. 4. There is one ad-
ditional structure—a small v-shaped feature in the upper-
half of the figure—which is not contained in the Monte

Carlo calculation. This additional structure, along with
the three-spoked feature seen in Fig. 5(a), suggested to us
that slight changes in the elastic stiffness constants or
piezoelectric constants might be needed to completely
describe the phonon-focusing patterns. However, we were
not able to produce such features by increasing in turn
each of the six elastic constants by as much as 10%. We
have also calculated the critical cone channeling direc-
tions’ for our sample orientations, and the resulting pat-
terns do not account for either the early three-spoke
feature or the small v-shaped feature. So, presently we
have not been able to identify these two observed features.
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FIG. 6. Experimental ballistic phonon image for 3-mm-thick
crystal of a-quartz with detector and generator surfaces normal
to the [1100] direction. The time gate was 800 ns wide and de-
layed 800 ns from the laser pulse.

Ultimately, we would like to determine experimentally at
least a subset of the elastic and piezoelectric constants
from the observed focusing pattern, but our analysis tech-
nique has not yet evolved to this stage. To reiterate, we
have used piezoelectric constants previously determined at
room temperature; a reasonable extrapolation to low-
temperature values is found to have very little effect on
the focusing pattern.

As a technical detail, we show some time traces of heat
pulses for an a-quartz sample using a 40-ns laser pulse

G. L. KOOS AND J. P. WOLFE 30
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FIG. 7. Time traces of the phonon detector signal showing
the transverse phonon peaks. (a) Generator surface covered
with a 5000-A copper film. (b) Generator surface covered with
a 500-A copper film.

and a 40-ns boxcar gate. The trace in Fig. 7(a) results
from exciting a 5000-A film of Cu while the trace of Fig.
7(b) is obtained for a 500-A film of Cu. The laser spot
was located at two equivalent directions on the crystal
face. The ballistic arrival time is the same but the tail is
slightly longer in Fig. 7(a) because the metal film remains
hot for a longer period of time. The 15-ns broadening of
the phonon pulse implies that the thicker film has an ap-
proximately 25-ns response time to the laser pulse. The

FIG. 8. Experimental ballistic phonon image for lithium niobate, the crystalline orientation is described in the text.
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FIG. 9. Constant-frequency surface for lithium niobate,
neglecting piezoelectricity. The grid of lines define constant 6
and ¢ at five-degree intervals in the range —30° < ¢y < 150° and
0°<6r <160°. The thick lines indicate where the surfaces have
zero Gaussian curvature.

(c) The L sheet.
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FIG. 10. Wave surface for lithium niobate, neglecting

piezoelectricity. The grid of group-velocity vectors define a sur-
face which corresponds to the surface of wave vectors shown in
Fig. 9. (a) The ST sheet. (b) The FT sheet. (c) The L sheet.
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FIG. 11. Constant-frequency surface for lithium niobate in-
cluding the piezoelectric effect and using the same grid lines as
in Fig. 9. (a) The ST sheet. (b) The FT sheet. (c) The L sheet.
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12. Wave surface of lithium niobate

including

piezoelectricity. This is the surface of group-velocity vectors as-
sociated with the surface of wave vectors shown in Fig. 11. (a)

The ST sheet. (b) The FT sheet. (c) The L sheet.
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cooling rate of these metal films is no doubt affected by
their contact with superfluid helium as well as with the
quartz crystal.

IV. PHONON FOCUSING IN LITHIUM NIOBATE

It has been seen that the effect of piezoelectricity on the
ballistic phonon images of a-quartz is almost unnotice-
able. We will now investigate the size of this effect in
lithium niobate, a piezoelectric material which has found
great use as acousto-optical transducers and optical har-
monic generators. It has a Cj, point symmetry and has
considerably larger electroacoustical constants than a-
quartz, as listed in Table II.

An experimental phonon image has been obtained for a
LiNbOj; crystal of 3 mm thickness with source and detec-
tor surfaces normal to (6,¢)=(37°,90°), where, as usual,
the angles are defined with respect to the z (threefold) and
x (twofold) axes. This is a standard rf transducer crys-
tal'’® which is oriented in this direction for rf coupling
purposes: For this cut, rf excitation produces purely long-
itudinal waves with a large electromechanical coupling
factor. Of course, in our heat-pulse experiments all modes
are produced at the excitation point. In the phonon im-
age, Fig. 8, a number of sharp structures are observed.
This image is a broad scan (about 58° left to right) which
includes both slow and fast transverse modes, since a wide
(400 ns) boxcar gate was used.

Theoretically, the constant-frequency surface of lithium
niobate with piezoelectricity neglected is shown in Fig. 9.
To generate this surface, we have used the constant-field
elastic constants listed in Table I. The slow transverse
sheet in Fig. 9(a) is composed of large totally convex re-
gions bordered by saddle regions and six very small totally
concave regions (seen as dots in the figure). Thick lines
mark the borders of the regions of different curvature and
thus correspond to a total Gaussian curvature of zero.
These parabolic lines transform to the fold edges in the
wave surface shown in Fig. 10 and indicate directions of
mathematically infinite phonon focusing. The constant-
frequency FT sheet shows no saddle or concave regions al-
though it has a nearly flat surface near 6, =40°. This
produces a high-intensity precursor of triangular shape
about the c¢ axis, as seen in the wave surface, Fig. 10(b).
The FT and ST sheets of the constant frequency surface
touch each other at several points, called conic points.
The symmetry-reduced set of conic points occur at
(Ok,0x)=(0,0), (55.9,74.0), and at (64.6,30.0). These
points produce holes in the FT wave sheet, indicated by
dashed lines in Fig. 10(b), and gramophonelike structures
in the ST wave sheet. The longitudinal mode displays no
singular behavior.

The constant-frequency surface of lithium niobate with
piezoelectricity included is shown in Fig. 11, and the cor-
responding wave surfaces are plotted in Fig. 12. Com-
parison with Fig. 9 shows that the piezoelectric effect is
quite dramatic for this crystal. To see how these topologi-
cal changes come about, we have made a systematic study
of the transverse slowness surface as the piezoelectric con-
stants are gradually introduced. This hypothetical situa-
tion was accomplished by simply multiplying all of the

3479

b4
<
C3

Cq c

3 Y <1

s

:
C
1 c 1

=10 09 06 03 00

f

FIG. 13. Cross sections of the LiNbO; slowness surface
through the y-z plane as the piezoelectric stress constants are
multiplied by the factor f. The inner and outer sheets are FT
and ST modes, respectively. As f is increased, the principal
changes are the movement of conic point C;, the appearance of
conic points C, and Cj, and the appearance of new singular
points S; and S, on the FT sheet. Singular points on the ST
sheet are not shown.

piezoelectric constants in Table II by a scale factor f
which we varied between zero and one. This corresponds
to going continuously from Eq. (1) to Eq. (13). Figure 13
shows a cross section in the y-z plane of the transverse
slowness surface for various f. Three major changes can
be observed.

(1) As f is increased, the conic point labeled C; begins
at (0,4 )=(115.4°,90°) and moves to (66°,90°) for f =1.
[Likewise, an equivalent conic point moves from
(64.6°,30°) to (114°,30°)]. The motions of these conic
points coincide with the breakup of the ST saddle region
into several sections [Figs. 9(a) and 11(a)].

(2) The ST and FT sheets of this surface touch each
other at ~(37°,90°) when f=0.95 and produce two new
conic points C, and C3; which move to (31.1°,90°) and
(40.9°,90°) for f=1.0.

(3) The FT (inner) sheet, which would have no saddle
regions for f =0, develops a saddle region, bordered by
singularities S; and S,, for £ >0.9.

The remaining conic points outside this symmetry
plane also move as f is increased. The conic point at
(55.9°,74.0°) annihilates with its mirror twin (55.9°
—14.0°) after they both move to (~84°30°). We find
from this study that the motion of conic points is a useful
way to describe the topological changes in an acoustic sur-
face as some control parameter is adjusted. We see that
conic points are created or annihilated in pairs.

For LiNbO; one of the most striking changes intro-
duced with piezoelectric constants is that the fast trans-
verse sheet now has parabolic lines: a large saddle region
has developed about the x-y plane and the FT mode now
displays singularities in flux!

The substantial distortions in the slowness surface asso-
ciated with piezoelectricity produce remarkable changes in
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FIG. 14. Monte Carlo calculation of the ballistic phonon-
focusing pattern of lithium niobate viewed along the ¢ axis and
extending +71° horizontally and vertically. (a) Piezoelectricity
neglected. (b) Piezoelectricity included. (c) A line drawing of
the singular and near-singular structures of lithium niobate with
piezoelectricity included and viewed along the ¢ axis.
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(b)
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FIG. 15. Monte Caro calculation for the ballistic phonon-
focusing pattern of lithium niobate viewed along the direction
6,=37" and ¢,=90" extending +71° horizontally and vertically.
(a) Piezoelectricity neglected. (b) Piezoelectricity included. (c) A
line drawing of the singular and near-singular structures of lithi-
um niobate with piezoelectricity included and viewed along the
same direction.
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the predicted phonon-focusing pattern. The wave surface
of lithium niobate with piezoelectricity properly included
is shown in Fig. 12. Folds are now present in the FT
sheet which give rise to singular flux. Monte Carlo calcu-
lations for the ballistic heat flux are shown in Figs. 14 and
15, which correspond to two different crystalline orienta-
tions. Figure 14 is a view along the crystal c axis at the
center, and Fig. 14 corresponds to the experimental crys-
tal orientation in Fig. 8. The intense features occurring in
these Monte Carlo calculations can be readily identified
with the structures in the wave surfaces of Figs. 10 and
12. Figures 14(a) and 15(a) show the predicted heat flux
without taking into account the piezoelectric coupling
constants. As expected from the previous considerations
of the slowness and wave surfaces, Fig. 15(a) shows very
little resemblance to the experimental data of Fig. 8. On
the other hand, the calculation of Fig. 15(b), which has
piezoelectricity properly included, shows good agreement
with the experimental data of Fig. 8. It is clear from this
study that piezoelectricity must be properly included in
the phonon-focusing calculation in order to understand
heat-pulse propagation in this crystal.

V. CONCLUSIONS

In this paper we have extended the calculation of pho-
non focusing to piezoelectric. materials and experimentally

examined two such crystals: a-quartz and lithium
niobate. Both of these crystals exhibit phonon-focusing
patterns with intense singular and nonsingular (precursor)
structures.

We have found that while piezoelectricity has only a
small effect on the ballistic phonon pattern of a-quartz, it
has a very large effect in lithium niobate. In particular,
the fast transverse mode in LiNbO; displays singular
structures, which disappear when piezoelectricity is hy-
pothetically removed by reducing the electroacoustical
constants to zero. We have examined the topological
changes in the slowness surface as these constants are gra-
dually increased and find that the motion of conic points
(where FT and ST surfaces touch) provides a means of
characterizing the effect of piezoelectricity on wave prop-
agation in crystals.
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FIG. 14. Monte Carlo calculation of the ballistic phonon-
focusing pattern of lithium niobate viewed along the ¢ axis and
extending +71° horizontally and vertically. (a) Piezoelectricity
neglected. (b) Piezoelectricity included. (c) A line drawing of
the singular and near-singular structures of lithium niobate with
piezoelectricity included and viewed along the ¢ axis.



(a)

(b)

— FT caustic

— ST caustic -.
FT precursor

----- ST precursor

(c)

FIG. 15. Monte Caro calculation for the ballistic phonon-
focusing pattern of lithium niobate viewed along the direction
6,=3T and ¢, =90 extending +71° horizontally and vertically.
(a) Piezoelectricity neglected. (b) Piezoelectricity included. (c) A
line drawing of the singular and near-singular structures of lithi-
um niobate with piezoelectricity included and viewed along the
same direction.
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FIG. 3. Monte Carlo image calculation of the phonon-
focusing pattern for a-quartz viewed along the ¢ axis. The im-
age extends +56° horizontally. (a) Piezoelectricity neglected. (b)
Piezoelectricity included. (c) A line drawing of the singular and
near-singular (precursor) structures of a-quartz viewed along
the ¢ axis.
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FIG. 4. Monte Carlo image calculation of the phonon-
focusing pattern for a-quartz viewed along the —y direction and
extending +56° horizontally. This is equivalent to a viewing
surface with normal along the ¢,=30° direction in the x-y
plane, for comparison with Fig. 2. (a) Piezoelectricity neglected.
(b) Piezoelectricity included. (c) A line drawing of the singular
and near-singular structures of a-quartz viewed along the —y

direction.
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FIG. 5. Experimental ballistic phonon images for a 3-mm-thick crystal of a-quartz with detector and generator surfaces normal to
the c-axis. The time gate of the boxcar integrator was 100 ns wide. (a) 800-ns delay after laser pulse, (b) 860-ns delay, (c) 900-ns de-
lay, and (d) 1100-ns delay.



FIG. 6. Experimental ballistic phonon image for 3-mm-thick
crystal of a-quartz with detector and generator surfaces normal
to the [1T00] direction. The time gate was 800 ns wide and de-
layed 800 ns from the laser pulse.



FIG. 8. Experimental ballistic phonon image for lithium niobate, the crystalline orientation is described in the text.



