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A parameter-free model for calculating surface directivity effects in phonon images is described.
It treats the coupling between crystal and metal-heater and -detector films as an isotropic dissipative
mechanism, and it is applicable to situations where the overlayer is of low acoustic impedance or
weakly bonded to the crystal substrate. Our calculated phonon-intensity diagrams display well-
defined structures which derive from pseudosurface waves (PSW’s) in the quasifree crystal surface.
These waves differ from Rayleigh waves in that they contain a small bulk-wave component through
which they can be excited and into which they decay. Some of these PSW’s are closely associated
with exit and reentrant critical cones for mode conversion at the crystal surface. In some cases the
PSW’s evolve, in limiting directions, into true surface waves immersed in a continuum of bulk
waves. Phonon imaging is shown to be a useful technique for studying these complex and interest-
ing resonant vibrations in crystal surfaces, and this enhances the potential value of this technique as

a sensitive probe of crystal surfaces and interfaces.

I. INTRODUCTION

Pseudosurface waves were first encountered in ultrason-
ic reflectivity"? and surface-acoustic-wave>* experiments.
Nowadays they feature in the interpretation of the elastic
scattering of light, molecular beams, and electrons from
solid surfaces and interfaces.’~’ The theoretical proper-
ties of these waves have attracted a fair amount of atten-
tion®~12 In contrast to generalized Rayleigh waves
(GRW’s), which are true surface waves, pseudosurface
waves (PSW’s) contain a small bulk-wave component
which radiates the energy of the wave into the substrate,
and causes the PSW’s to attenuate with distance—hence
the term “leaky surface waves.” Moreover, PSW’s can be
excited by bulk waves impinging on the surface from the
substrate, whereas GRW?’s, in the absence of anharmonici-
ty and surface imperfection, can only be excited by exter-
nal means. In the past, little attention was paid to the
internal excitation and decay of PSW’s. Recent advances
in phonon imaging!® have, however, provided a direct
means of observing the complex radiation and excitation
pattern of PSW’s and deriving from it useful information
concerning surface conditions. Koos et al.'* and Every
et al.’® have reported on well-defined structures in the
phonon images of highly polished sapphire single crystals
that arise from longitudinal-type PSW’s in the sapphire-
metal interface. They infer from their observations that
the sapphire surface is flat on the scale of the dominant
phonon wavelength and that the coupling to the metal
overlayer is considerably weaker than expected on the
basis of simple acoustic-mismatch theory. Hurley et al.'®
have reported on similar structures in the phonon images
of a polished diamond. With suitably shaped samples, al-
lowing large angle views, and appropriate surface prepara-
tion, one can expect PSW structures to be a general
feature in most phonon images.

In this paper we describe some of the characteristic
PSW structures anticipated for a variety of different crys-
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tal surfaces. Some of these PSW’s have been identified
before by Lim and Farnell’® and other investigators,' >
some we draw attention to here for the first time. There
is a great wealth of such structures, and although they can
be fairly broad, most are sharp to extremely sharp, and so
should be clearly discernible in experimental images. It is
interesting to note that the topological features of the
acoustic-slowness surface that are responsible for bulk-
phonon-focusing singularities are also often implicated in
the formation of PSW structures. Many of the PSW
structures we will be reporting on occur close to critical
cones for mode conversion at crystal surfaces.

Our model is based on the premise of a quasifree crystal
surface, i.e., a surface which is loaded with a solid medi-
um of low acoustic impedance or, to the same effect, one
which is weakly bonded to its adjacent medium. Our cal-
culations assume that a phonon in a bulk mode of the
crystal has a transmission probability across the interface
which is proportional to the squared amplitude of vibra-
tion caused in the free-crystal surface by that (normalized)
mode impinging on it. Every et al.'* and Hurley et al.'®
have carried out extensive calculations on a variety of
metal crystal interface combinations and have found gen-
erally that under quasifree conditions PSW resonances
that occur in the angular dependence of the phonon
emissivity and absorptivity closely resemble corresponding
resonances in the squared amplitude of vibration in the
free-crystal surface. When the adjacent medium is of
high acoustic impedance and perfectly bonded to the crys-
tal substrate, on the other hand, the PSW resonances are
almost completely suppressed. While those calculations
did assume elastic isotropy, there is no reason to expect
the result to be radically affected by the introduction of
anisotropy. Experimental support for these ideas is pro-
vided by the observation of Every et al.!® that varying the
composition of the metal-heater film had no significant
effect on their phonon images of sapphire.

Our calculations concern long-wavelength thermal pho-
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nons and are carried out in the context of continuum elas-
ticity theory. Known elastic constants of crystals are
used, but there are no free parameters in the model.
Piezoelectric stiffening of the elastic constants is not con-
sidered.

II. METHOD OF CALCULATION

The spatial variation of phonon intensity in phonon im-
ages derives principally from two sources: phonon focus-
ing, which is the result of bulk elastic anisotropy, and
surface-directivity effects at the heater and detector inter-
faces. In general, the directionally dependent phonon
emissivity and absorptivity at these surfaces depend in a
complicated way on the elastic properties of the crystal
substrate and metal overlayer,'” and also on the precise
nature of the boundary conditions. Extensive calculations
by Every et al.'® and Hurley et al.!® indicate, however,
that when the bonding at the interface is weak, or the
metal overlayer is of low acoustic impedance, the angular
dependence of the phonon emissivity and absorptivity in
the crystal become, to a large degree, independent of the
precise form of the boundary conditions and the specific
properties of the overlayer. Moreover, under these condi-
tions the overlayer appears to act as a simple isotropic dis-
sipative mechanism in that the angular dependence of the
emissivity and absorptivity closely resembles that of the
squared amplitude of the vibration caused by (normalized)
modes impinging on the free-crystal surface. This is the
pivotal idea on which our calculations rest. It should be
cautioned that in the case of liquid loading only the nor-
mal components of the displacement and traction force
are transmitted into the overlayer,!® and so the dissipative
mechanism only involves the one component of surface
displacement. This has the effect of concealing PSW’s
whose displacements are predominantly parallel to the
surface. In extreme cases solid-solid interfaces can mimic
these conditions. Similar considerations apply to light
scattering at surfaces.’

The PSW structures we describe in this paper therefore
apply in the limit of weak surface loading. As the loading
becomes greater, in general one can expect the PSW struc-
tures to become progressively broader and weaker and
eventually comgletely washed out. Indeed, it is possible,
as Every et al.® have shown, to use the softening of these
resonances to obtain a measure of the strength of the
bonding between the metal film and crystal substrate.

We proceed by recalling that the equation of motion for
an elastically anisotropic solid admits plane-wave solu-
tions of the form

u=Uexplio(S'r—1)], (1

for the displacement field u. Here, r and ¢ are position
and time, respectively, o is the angular frequency, U is
the polarization vector, and S=(S,,S,,S;) is the
acoustic-slowness vector (=k/w, k the wave vector). The
secular equation!'%?°

AUS)= | CrismS1Sm —p8ys | =0, (2)

is of degree 6 in the components of S, C,,, being the
second-order elastic-constant tensor, p the mass density,
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and §,; the 8 function.

We take the crystal surface to be located in the (x,y)
plane with the z axis pointing into the interior of the crys-
tal. For any given value of S, =(S,,S,), the projection of
S in this plane, Eq. (2) fixes the value of the third com-
ponent S,. The polarization vector for each mode is then
obtained by solving the linear equations

(CrtsmS1Sm —pdrs)Us =0 . 3

Since Eq. (2) is of degree 6, there are six solutions S,‘j ’,
Jj=1,...,6, defining six waves which phase-match in the
crystal surface. For small |S;| these solutions are all
real and the six vectors $Y=(S,,S,,S.”) lie on a surface
of three sheets known as the slowness surface.'*~2° These
real solutions correspond to homogeneous bulk waves.
Three of these waves are approaching the surface, i.e.,
have ray vectors'®~2° (energy flux vectors)

V. Q(S)

= (4)

S-V,Q(S)
directed toward the surface, and the other three are reced-
ing from the surface, i.e., have V directed into the bulk.
Because of elastic anisotropy the S and V vectors of a
wave are noncollinear, and it is quite common to find V
pointing toward a surface while S is pointing away, and
vice versa.

As |8, | is increased, pairs of real solutions (one in-
coming wave, one outgoing) merge to be replaced by pairs
of complex-conjugate solutions. This occurs at extremal
points on the slowness surface where V, which is normal
to this surface, is parallel to the (x,y) plane. The loci of
points in the (S,,S,) plane where such changeovers occur
we will call critical contours. The remaining real values
of S, which project onto these contours, lie on the S-space
critical cones for mode conversion at the crystal surface.
Anisotropic media also permit reentrant critical cones at
which pairs of complex-conjugate solutions cross over to
being real again as |S| is increased.”! Ultimately for
large | S| all solutions are complex.

By way of example, Fig. 1 shows the slowness surface
for CdTe. For this and subsequent calculations, unless
otherwise specified, all elastic constant have been taken
from Ref. 22. The (S;,S,) plane is a mirror-symmetry
plane of the crystal and so Eq. (2) reduces to a bicubic
equation in S,. Real solutions therefore occur in equal
and opposite pairs, and the slowness surface is symmetric
about the (S;,S,) plane. The innermost longitudinal (L)
sheet is entirely convex®® and meets this plane at right an-
gles. The line of intersection therefore coincides with the
critical contour and is shown by the heavy line. The asso-
ciated V-space critical cones for the other two branches
are composed of rays emanating normally from the slow-
ness surface along the dashed lines labeled L on the other
two sheets. The fast transverse (FT) sheet displays broad
shallow furrows centered on the cube planes. As a conse-
quence, there are two critical contours for this branch.
The first coincides with the line of intersection of this
sheet with the (Sx,Sy) plane and is a reentrant contour.
Just beyond this line there are again six real solutions.
Dashed lines labeled FT on this and the third sheet indi-
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FIG. 1. The three sheets of the slowness surface of CdTe: (a) longitudinal (L), (b) fast transverse (FT), and (c) slow transverse
(ST). The S, S,, and S; axes are aligned along the crystallographic cube axes. Heavy lines are the critical contours. They are the
projection in the (S,S,) plane of the dotted lines, which are the loci of extremal points on the slowness surface, and also of the
dashed lines, which are the intersection of the S-space critical cones with the slowness surface. The V-space critical cones are com-
posed of rays emanating normally from the slowness surface at the dashed lines.

cate the position of the associated reentrant critical cones.
The second critical contour is the projection of the dotted
line, where FT rays are again parallel to the (S,,S,) plane.
Because of the mirror symmetry through this plane, there
is an identical feature below the plane. Thus, on this criti-
cal contour four real solutions are replaced by two pairs of
complex-conjugate solutions. The associated double-exit
cone on the third sheet is labeled FT,. The slow trans-
verse (ST) sheet has large indentations, regions where both
principal curvatures are negative, surrounding the cube
directions. As a result, near the S, and S, directions
there is a reentrant critical contour and also a double-exit

contour. These split up and merge in a rather complex
fashion at about 20° from the cube direction to form a
single-exit contour. The reentrant contour gives rise to
the split reentrant critical cone labeled ST. The existence
of reentrant cones evidently requires that at least one prin-
cipal curvature of the slowness surface be negative. A
negative curvature, in turn, implies the existence of
phonon-focusing caustics. For the case in point, the fur-
rows in the FT sheet give rise to intense line caustics run-
ning between the cube directions, while the indentations in
the ST sheet bring about an intense, complex, focusing
structure surrounding the cube directions. These focusing
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structures are a prominent feature of the phonon-intensity
plots for CdTe and Ge provided later in this paper.

Where complex-conjugate solutions occur, one has a
positive imaginary part and represents an inhomogeneous
(evanescent) wave falling off exponentially in amplitude
towards the interior of the crystal. The other solution,
with a negative imaginary part, represents an inhomo-
geneous wave showing exponential growth in the interior
of the crystal, and is discarded as unphysical. There are
thus always three outgoing waves u'’, i =1,2,3, to con-
sider which phase-match to any incoming bulk wave u'®.

The combined displacement field therefore has the form
u=Uexp[i(8V-r—1)]
3
+ 3 I,U™explio(S™-r—1)] . (5)
n=1

The associated strain and stress fields are

1 | Ou, Ou,
_ L% | 6
e =7 or,  or, (6
and
0ij=CijpgEpq » )

respectively. The weighting factors I', in Eq. (5) are
determined by the free-surface boundary conditions, i.e.,
the vanishing of the traction forces'®

0',‘3(Z =0)=0. (8)

This yields a set of three linear equations
AinTn=8; , &)

A, /el [tkmys)?]
| ]
[ ] ]
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where
Ain=Cip U (10)
and
B;=—Cy,U"'SJ” (11)
summation over repeated subscripts being implied.
The solution to Eq. (9) takes the form
AumB
r,=—"-2 (12)
| Apg |

where A,, is the co-factor of the matrix element A,,,,
and | 4,, | is the boundary-condition determinant. The
magnitude of the displacement field u(z =0) at the sur-
face is to a large extent governed by the value of this
determinant. Minima in | 4,, | generally result in maxi-
ma in the values of T', and, in turn, |u(z=0)|, unless
the factors A4,,B,, happen to have a cancelling effect be-
cause of symmetry or for any other reason.

Figure 2 shows the variation of | 4,, | with |S| for
a number of different directions in the cube plane of Ge.
It is interesting to compare these curves with Fig. 3,
which depicts the behavior of

the summation being over incident bulk waves (1, 2, or 3)
which share a common §. Quite clearly, I, displays a
number of sharp peaks or resonances, all of which coin-
cide with minima in | 4, |.

The vanishing of | 4, | in a region where only com-
plex solutions to Eq. (2) occur is the condition for a gen-

1'S,) (s/km)

04

FIG. 2. Variation of the boundary-condition determinant | 4,, | with | S| for a number of directions in the cube surface of Ge.
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FIG. 3. Variation of I, with §); in the cube surface of Ge.

eralized Rayleigh wave (GRW). This wave consists just
of three inhomogeneous partial waves and is a true sur-
face wave in that the amplitudes of these three com-
ponents fall off exponentially away from the surface. The
last minimum of | 4,, | in Fig. 2 belongs to a GRW.
Lim and Farnell’ have extended this concept by attachmg
the term “pseudosurface wave” to deep but nonzero mini-
ma in the boundary-condition determinant. The sharp
resonances in I, can thus all be ascribed to PSW’s.
Energy-flux conservation normal to the surface, of course,

K%
<y

8,

FIG. 4. Schematic diagram depicting the generation of slow-
ness and ray vectors. Only one of the three sheets of the slow-
ness surface is shown.

places constraints on which of the I', can become large.
A large T', has to belong either to an inhomogeneous
wave or to a bulk wave whose ray vector is nearly parallel
to the surface.

The Monte Carlo method we have used in constructing
the phonon images and intensity diagrams below is ex-
plained by reference to Fig. 4. To start with, a uniform
random distribution of values of S are generated in the
region enclosed by the outermost critical contour. The
rectangular interval depicted would contain N3S,35S,
such S” s, where N is the areal number density. This in-
terval is the projection in the (S;,S, ) plane of the area ele-
ment 84 of the slowness surface. Each S, is the projec-
tion of an S contained in 84.

From inspection,

84 =058,8S, /cosby , (14)

where 6 is the angle between the ray vector V, which is
normal to the slowness surface, and the S, direction. The
solid angle subtended at the origin by 84 is

84 cosp _ 85,85, cos¢

80, =
s S? cosfy S?

, (15)

where ¢ is the angle between V and S. It follows that the
number of S’s per unit solid angle is

N8S,5S,

NSZcosby,
T8, :

cos¢

(16)

Making use of the well-known relation '8 —20
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V-S=VScosp=1, (17)
we obtain
N,=NVS*/cos6y = cosy, , (18)
v

where v =1/S is the phase velocity. These slowness vec-
tors S are evidently distributed in accordance with
Lambert’s Law, i.e., fal]in§ off in density as cos@y.
Furthermore, the factor 1/v° corresponds to what the De-
bye model yields for the heat capacity of these modes, and
the factor V¥ converts this into heat flux. Most phonon-
imaging calculations in the past have ignored these factors
and have simply adopted an isotropic distribution of pho-
non wave vectors.”> The cos@y factor has the most no-
ticeable effect, causing polar plots of phonon intensity to
fall to zero as 8;,—90°. The factor ¥ /v* accounts for the
relatively small size of the L peaks in ballistic heat pulses
in comparison with the T peaks. Its influence on phonon
images becomes greater the more anisotropic a crystal.

The absorptivity of the surface for any mode is, on the
basis of arguments presented earlier, taken to be propor-
tional to

I=|u(z=0)|?, (19)

where u(z =0) is the displacement caused in the free sur-
face by that normalized mode.

The image-construction process then consists of deter-
mining the incoming rays for each value of S in the dis-
tribution, giving these a weighting proportional to I, and
then sorting these rays in direction to form a polar density

FIG. 5. for sapphire with

Calculated phonon image
(6=58°, $=30°) surface orientation. The horizontal and verti-
cal half-angles of view are £32°. Only the ST and FT phonon
fluxes are displayed. Phonon intensity is represented by the
darkness of the greyscale, which comes from the density of
printing points. The elastic constants for the calculation are
taken from Ref. 25.

FIG. 6. Calculated phonon image for diamond with (100)
surface orientation. Horizontal and vertical half-angles of view
are +60°. The [111] direction is in the center of the threefold
structure near the top center of the image. The elastic constants
for the calculation are taken from Ref. 26.

plot for the phonon intensity. In the case of Figs. 5 and 6,
the phonon intensity has been projected onto the appropri-
ate crystallographic planes in order to obtain a spatial
density diagram that can be directly compared with pub-
lished experimental images.

One should bear in mind that surface-directivity effects
may arise at heater and detector interfaces and are multi-
plicative. When these surfaces are not parallel, two in-
dependent sets of surface-derived structure can be present
in a phonon image.'®

III. COMPARISON WITH PUBLISHED
EXPERIMENTAL DATA

Figure 5 shows a calculated Monte Carlo image for sap-
phire, the projection surface being parallel to the
(6=58°, ¢ =30°) crystallographic plane (8 and ¢ here are
the spherical polar coordinates of the surface normal). In
this and all subsequent images and intensity plots only the
ST and FT phonon flux is displayed. The L phonons (or
more precisely the inner-sheet phonons?*) do not exhibit
any sharp features either as a result of phonon focusing or
through PSW resonances. Experimentally, the L phonons
are in any case often eliminated by suitable time gating of
the detector signal. The emissivity I for this image is al-
most constant, except in the vicinity of the roughly circu-
lar halo where, for the ST branch, it rises considerably
above the background value. All the other structures in
this image are bulk-phonon-focusing singularities. This
calculated image is in very good agreement with experi-
mental images reported by Koos et al.!* and Every
et al.’® for sapphire with this orientation. The ST pho-
nons comprising the halo are all located close to the criti-
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cal cone for mode conversion from ST to L. This
enhancement of I, called critical-cone channeling,' is
brought about by a PSW of L character in the surface.
There is no significant FT—L channeling because of the
fact that the FT phonons that would participate in chan-
neling all have polarization vectors which are very nearly

(a) ST (for <
FT(foro<>1)) s

(b) ST (for x>1)
FT (forx <1)

FIG. 7. Polarization fields for the FT and ST branches for
cubic crystals of moderate anisotropy. There are singularities in
the fields in the [001] and [111] directions, where the two
branches are degenerate.
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FIG. 8. Critical contours (solid lines), the more prominent
PSW resonances (dashed-dotted lines), and generalized Rayleigh
wave (dashed line) for the (100) surface of Ge. Critical contours
are identified with regard to branch (L, FT, or ST), whether exit
(X) or reentrant (R) and if double (2). Points labeled 41, 42,
B1, etc. on the PSW resonances are mapped onto similarly la-
beled points in the phonon-intensity diagram in Fig. 9.

FIG. 9. Polar diagram of ST and FT phonon intensity for the
(100) surface of Ge. Bulk-phonon-focusing caustics are identi-
fied by branch (ST or FT). Points labeled 41, 42, B1, etc. on
the PSW structures are mapped from similarly labeled points in
Fig. 8.
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FIG. 10. Polar phonon-intensity diagram for the (100) sur-
face of CdTe.

perpendicular to their sagittal planes. They are, conse-
quently, almost totally uncoupled at the surface from the
other two branches, which are polarized in or close to
their sagittal planes.

Concerning the actual computations, approximately
700000 values of S, were used in the construction of the
image in Fig. 5. This includes a factor of 2 gained by ex-
ploiting the mirror symmetry through the center line of
the image. The computations were done on an IBM 3083
mainframe computer and took about 60 min of CPU

FIG. 11. Polar phonon-intensity diagram for the (58°,30°)
surface of sapphire (rotated by 45° with respect to the orienta-
tion in Fig. 5).
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(001] ANGLE FROM [001] (110

FIG. 12. Critical contours, prominent PSW resonances, and
Rayleigh wave for the (110) surface of Ge.

time. Images and phonon-intensity plots with a higher
degree of symmetry took proportionately less time. Much
of this time was taken up in solving the sextic equation
(2). In cases where the crystal surface is a mirror plane,
this equation reduces to a bicubic and the overall compu-
tational time was reduced further by about a factor of 2.
The weighted and sorted ray vectors were stored in a
512512 array which was subsequently downloaded to a

[110]

FIG. 13. Polar phonon-intensity diagram for Ge(110).
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FIG. 14. Critical contours, prominent PSW resonances, and
Rayleigh wave for Ge(111).

Hewlett Packard (HP) 9836 minicomputer and printed on
an HP 2934A graphics printer. The dot density in the im-
age is proportional to the phonon intensity.

Figure 6 shows a calculated image for the (100) surface
of diamond. As in the case of sapphire, there is a prom-
inent circular halo arising from ST—L critical-cone
channeling. This image is in very good agreement with

[112]

FIG. 15. Polar phonon-intensity diagram for Ge(111).

FIG. 16. Polar phonon-intensity diagram for diamond (111).

the exg)erimental images reported for diamond by Hurley
et al.'® In comparison with that of sapphire, the diamond
ST halo is extremely sharp. As before, there is no visible
FT channeling.

To sum up then, our model is able to account very well
for the channeling (as well as focusing) structures in pub-
lished experimental images without recourse to the use of
any free parameters. This gives us some confidence in the
basic soundness of the model. In the next section we ap-

FIG. 17. Polar phonon-intensity diagram for the sapphire
XY surface.
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FIG. 18. Critical contours, PSW resonances, and Rayleigh
wave for CsCl (100).

ply the model to a range of different materials and sur-
faces.

IV. PREDICTIONS OF THE MODEL

The directional dependence of phonon intensity in our
model is determined uniquely by the ratio of the elastic
constants for a crystal and its surface orientation. In the
case of cubic crystals, it is to some extent possible to dis-

oot

FIG. 19. Polar phonon-intensity diagram for CsCI1(100).

030 -
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FIG. 20. Critical contours, prominent PSW resonances, and
Rayleigh wave for CsCl(110).

tinguish between the effect of anisotropy, as characterized
by the parameter a=(C;; —C;;)/2C4 and the L to T
velocity ratio, as characterized by the parameter
B=(C1+C3)/2C44. In some cases, as we will show, the
phonon-intensity patterns of crystals of lower symmetry
bear a close resemblance to those of cubic crystals.

A factor which, as mentioned earlier, plays an impor-
tant role in distributing the resonant phonon intensity
from longitudinal PSW’s between the ST and FT

(110}

/ G- c?‘\

FIG. 21. Polar phonon-intensity diagram for CsClI(110).



33 PSEUDOSURFACE WAVE STRUCTURES IN PHONON IMAGING 2729

045

0.20 +

025 |

1S} (s/km)

0.35 - Y
' o° 20° 40° 60°
(112] ANGLE FROM (112) (211]

FIG. 22. Critical contours, PSW resonances, and Rayleigh
wave for NaF(111).

branches, is the polarization field for these branches. Pro-
viding the anisotropy is not too large, the polarization
field for the L branch is nearly normal to the unit sphere,
while the fields for the ST and FT branches lie almost on
the unit sphere and form the patterns shown in Fig. 7. A
ST wave approaching a (001) surface at not too large an
angle to the normal is, for a < 1, polarized in the sagittal
plane, and therefore can participate in mode conversion to
L. A FT wave, on the other hand, is polarized normal to

[112]

—

FIG. 23. Polar phonon-intensity diagram for NaF(111).

FIG. 24. Polar phonon-intensity diagram for the quartz XY
surface. The elastic constants for the calculation are taken from
Ref. 31.

the sagittal plane and is not able to mode-convert. As a
result, ST—L critical-cone channeling is far more pro-
nounced than FT—L channeling. For a <1 the converse
holds. It is the FT phonons which are in this case polar-
ized in the sagittal plane and strongly channeled.

For a (111) surface the ST polarization changes from
sagittal to normal to sagittal three times in a circuit
around the normal. When the ST polarization is sagittal,
the FT polarization is normal, and vice versa. This causes
the channeling to swing between the ST and FT branches,
going through three complete cycles in 360°.

For a (101) surface the situation is slightly more com-
plicated. On a cone of small angle the swinging of the
channeling between ST and FT goes through two com-
plete cycles in 360°. When the cone angle exceeds 35.26°,
the cone encompasses the [111] and [111] directions and
now the swinging of the channeling between ST and FT
goes through four cycles in 360°. An added complication
is that modes near the (111) conical points have their
rays spread out over a large solid angle, making the chan-
neling structures fainter and more difficult to unravel.

The effect of B on ST—»L and FT—L critical-cone
channeling is twofold. As B increases, the L sheet of the
slowness surface becomes smaller in comparison with the
T sheets. As a result the critical-cone angle also becomes
smaller. The width of the T—L channeling resonance
also depends on B, being zero when S=1 and increasing
as B departs from 1 in either direction. The reason for
this!® is that as B— 1 Poisson’s ratio tends to zero, and the
longitudinal PSW giving rise to the channeling evolves
into a surface-skimming bulk L wave satisfying the free-
surface boundary conditions on its own.

A. Crystals witha <1

Figure 8 shows the location of critical contours, PSW
resonances, and the Rayleigh wave for the (100) surface of
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GE (a=0.60, B=1.32). The way in which these are ar-
ranged is common to crystals of moderately large devia-
tion of anisotropy below 1. Figure 9 is a polar diagram of
the phonon intensity for (100)-oriented Ge. The pattern
formed by the ST and FT bulk-phonon-focusing caustics
is well known from experimental and theoretical studies
by a number of authors.?’~* In addition, there are
several PSW structures in this plot that should, under
favorable conditions, be observable. There is strong chan-
neling of ST phonons (A4 1-42) over the entire ST—L
exit cone, but no significant FT channeling. Because of
the indentation of the ST sheet of the slowness surface
around the [100] direction, the average cone angle for
these channeled rays is fairly small, ~20°. This same in-
dentation around the other (100) directions brings about
the rather faint ST-—ST reentrant critical-cone-
channeling structure B1-B2. Channeling associated with
the FT reentrant and exit contours is barely perceptible.
The most prominent resonance structure, C1-C2, is
due to a PSW that has been the subject of considerable in-
terest’ 10 and that has been experimentally observed in a
number of different crystals.">* The sagittal plane con-
taining the [011] direction is a mirror plane, as is the (100)
plane of the crystal surface. The FT and L waves, which
for large | S, | are polarized in this sagittal plane, become
decoupled from the ST wave, which is polarized normal
tc this plane. The outcome is that a true sagittaly polar-
ized surface wave exists at C2. Even though it is im-
mersed in a continuum of ST bulk waves, it does not com-
municate with them. Departing form the [011] direction,
this wave acquires a small ST bulk component and be-
comes a resonance within the continuum. Near C2 this
resonance is extremely narrow, becoming progressively
broader toward C1. There is a region in the middle of
this range where the resonance becomes relatively faint.
Figure 10 is a phonon-intensity diagram for the (100)
surface of CdTe (a=0.41, B=2.24). Interestingly, be-
cause of the high degree of anisotropy, the [100] indenta-
tion in the ST sheet is so large that the ST—L critical
cone of rays is inverted through the [100] axis, so that
mode conversion of a critical ST incombining wave results
in a L wave traveling backwards along the surface. The
large deviation of B from 1 causes the channeling struc-
ture to be fairly broad. Also, because this structure is
confined to the intense focusing square at the center of the
image, it is not easy to discern. The ST reentrant cone
structure B 1-B2 is larger and more intense than for Ge,
and the PSW structure C 1-C2 is also more pronounced.
In the case of diamond (a=0.82, f=1.04) both a and
B are closer to 1 than in the case of Ge. As a result, as
Fig. 6, shows, the ST—L channeling structure is extreme-
ly narrow and almost circular in shape. The distortion of
the slowness surface is so slight that the (100) indenta-
tions in the ST sheet and the FT furrows and their associ-
ated reentrant cones do not exist. Also, the bulge of the
ST sheet near the [011] direction is too slight to “bring it
into collision” with the Rayleigh wave, and, consequently,
there is no PSW C1-C2.
Figure 11 is a phonon-intensity diagram for the
(58°,30°) surface of sapphire. It is rotated by 45° with
respect to Fig. 5. As can be seen, it bears a striking
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resemblance to the Ge(100) phonon-intensity diagram,
particularly with regard to the PSW structure C1-C2 and
its relation to the focusing structures.

The PSW structures for the Ge(110) surface are all
rather faint. Figure 12 shows the location of critical con-
tours and PSW resonances, and Fig. 13 is the polar
phonon-intensity diagram for this surface. The L exit-
cone channeling is predominantly FT between A1 and
A2 and ST between A2 and A3, where it is highly
dispersed in direction by the effects of conical refraction
and barely visible. There is a faint ST—FT critical-
cone-channeling structure B1-B2 and somewhat more
visible ST reentrant channeling C 1-C2.

Figure 14 shows the critical contours and PSW reso-
nances for the (111) surface of Ge, and Fig. 15 is the
phonon-intensity diagram for this surface. There are no
reentrant contours, and because the (111) surface is not a
crystal-symmetry plane, the slowness surface does not in-
tersect it along the exit lines, but at somewhat smaller
values of | S, |. Channeling for the L exit contour alter-
nates between ST and FT. These channeling structures
are drawn toward strong focusing regions and become
partially obscured in the process. The very intense PSW
structure B1-B2 occurs a little distance from the
ST—FT critical cone. At the two extremes, beyond B 1
and B2, this PSW degenerates into a surface-skimming
bulk FT wave® polarized normal to the sagittal plane,
which is a crystal-symmetry plane. This PSW has been
observed in silicon using the acoustical wedge technique
by Pratt and Lim.}

Figure 16 is a phonon-intensity plot for the (111) sur-
face of diamond. The ST—L channeling structure
A1-A2 and FT—L channeling structure A42-43 are
sharp and faint but visible. By comparison, the PSW
structure B 1-B2 is extremely intense.

Figure 17 is a phonon-intensity diagram for the sap-
phire XY surface. It bears a striking resemblance to the
intensity pattern for Ge(111), with regard to focusing as
well as PSW structures. The ST— L channeling structure
A matches up very well with corresponding features in
the experimental images of Every et al.!®> The analogue
of the B1-B2 PSW structures is very intense, as in the
cases of Ge and diamond.

B. Crystals with a> 1

Figure 18 shows the critical contours and PSW reso-
nances for the (100) surface of CsCl (a=1.71, B=2.83),
and Fig. 19 is the phonon-intensity diagram for that sur-
face. The various features seen in these two figures are
common to crystals of moderately large anisotropy a
(>1). There is strong FT—L critical-cone channeling,
which produces the intense circular structure A1-42.
This channeling is drawn toward nearby FT focusing
caustics and in some places is not easily resolved from
them. There is fairly sharp channeling structure B1-B2
at the ST—FT critical cone.

Figure 20 shows the critical contours and PSW reso-
nances for the CsCl (110) surface, and Fig. 21 is the
phonon-intensity diagram for that surface. The ST—L
and FT—L critical-cone-channeling structures lie very
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close to focusing caustics and are not easily resolved.
There is a faint channeling structure B1-B2 associated
with the FT exit contour. The most prominent PSW
structure is C1-C2. At C1 it evolves into a true surface
wave polarized in the sagittal plane, which is a crystal-
symmetry plane.”

Figure 22 shows the critical contours and PSW reso-
nances for the NaF (111) surface, and Fig. 23 is the
phonon-intensity diagram for that surface. There are
well-defined FT—L and ST—L critical-cone-channeling
structures, A 1-43 and A 1-A2, respectively. In the re-
gion of 42,43, polarization favors FT channeling, while
bulk focusing strongly enhances the ST intensity. Near
A1 it is the other way around. As a result, the alterna-
tion between FT and ST channeling is not readily ap-
parent. Just a small distance beyond the ST—FT exit
cone there is the broad, fairly intense PSW structure
B1-B2. At the two extremes near B1 and B2 it degen-
erates into a surface-skimming bulk ST wave.’

Finally, Fig. 24 shows the phonon-intensity diagram for
the XY surface of quartz. There is a fair degree of simi-
larity between this diagram and the NaF(111) diagram.
The analogue of the PSW structure B 1-B2 is intense and
well defined.

V. DISCUSSION

Free-crystal surfaces are able to support a wealth of dif-
ferent pseudosurface waves. These PSW’s differ from
true surface waves in that they contain a small bulk-wave
component through which they can be excited and into
which they can decay. We have developed a simple
parameter-free model for calculating the effects of PSW’s
on phonon images. Our model treats the coupling be-
tween the crystal and metal overlayers, used for phonon
generation and detection, as an isotropic dissipative mech-
anism, and it is applicable to situations where the metal
overlays are of low acoustic impedance or are weakly
bonded to the crystal substrate. In the limit of weak load-
ing, the directional dependence of the phonon transmis-
sion across the interface is largely dictated by the proper-
ties of the crystal and is relatively insensitive to the pre-

cise nature of the overlayer or form of the boundary con-
ditions. All the phonon-intensity plots we have calculated
display well-defined structures due to PSW’s. In some
case these resonant structures become exceedingly sharp
near limiting directions in which the PSW evolves into a
true surface wave immersed in a bulk-wave continuum.

Our calculated images for sapphire and diamond are in
very good agreement with published experimental images
for these crystals. Because of the high acoustic
impedances and velocities of these two materials, the con-
ditions of our model are relatively easily met. For crystals
having lower acoustic impedances and velocities, deli-
berate action will, in general, be required to achieve the
weak loading condition. Increased loading of the crystal
surface leads to the softening and eventual suppression of
the PSW structures.

Another important factor is the roughness of the crys-
tal surface. Roughness on the scale of the dominant
thermal phonon wavelength or greater has the effect of
smearing out the surface-directivity effects described here.
For a given heat-pulse temperature, therefore, preserving
PSW structures in low-Debye-temperature crystals re-
quires a higher degree of surface smoothness than in
“harder” crystals such as diamond or sapphire.

In conclusion, phonon imaging provides a useful means
of studying the rich variety of resonant vibrations that
occur in crystal surfaces. Its advantage over other
methods for investigating PSW’s is that a single image is
able to provide a complete picture of all the PSW’s in a
given surface, and also convey an impression of how these
resonances vary in intensity and width with direction.
The existence of these PSW structures enhances the poten-
tial value of this technique as a sensitive tool for probing
crystal surfaces and interfaces.
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FIG. 10. Polar phonon-intensity diagram for the (100) sur-
face of CdTe.



FIG. 11. Polar phonon-intensity diagram for the (58°,30°)
surface of sapphire (rotated by 45° with respect to the orienta-
tion in Fig. 5).



FIG. 13. Polar phonon-intensity diagram for Ge(110).
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FIG. 15. Polar phonon-intensity diagram for Ge(111).



FIG. 16. Polar phonon-intensity diagram for diamond (111).



FIG. 17. Polar phonon-intensity diagram for the sapphire
XY surface.



FIG. 19. Polar phonon-intensity diagram for CsCI(100).



FIG. 21. Polar phonon-intensity diagram for CsCl(110).
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FIG. 23. Polar phonon-intensity diagram for NaF(111).



FIG. 24. Polar phonon-intensity diagram for the quartz XY
surface. The elastic constants for the calculation are taken from
Ref. 31.



FIG. 5. Calculated phonon image for sapphire with
(6=58", $=30") surface orientation. The horizontal and verti-
cal half-angles of view are +32°. Only the ST and FT phonon
fluxes are displayed. Phonon intensity is represented by the
darkness of the greyscale, which comes from the density of
printing points. The elastic constants for the calculation are
taken from Ref. 25.



FIG. 6. Calculated phonon image for diamond with (100)
surface orientation. Horizontal and vertical half-angles of view
are +60°. The [111] direction is in the center of the threefold
structure near the top center of the image. The elastic constants
for the calculation are taken from Ref. 26.



FIG. 9. Polar diagram of ST and FT phonon intensity for the
(100) surface of Ge. Bulk-phonon-focusing caustics are identi-
fied by branch (ST or FT). Points labeled 41, 42, B1, etc. on
the PSW structures are mapped from similarly labeled points in
Fig. 8.



