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By direct imaging of ballistic phonons having equivalent temperatures near 4 K in LiF,
we have found that a subset of fast-transverse phonons can propagate without scattering
even in heavily deformed samples. The highly anisotropic phonon-scattering cross section is
consistent with the concept of fluttering dislocations. The magnitude of the scattering cross
section has been obtained for the first time. For small plastic deformation the measured
cross section agrees with that calculated theoretically using a measured dislocation density.
However, at large deformation the calculated cross section is too small, supporting the
speculation that a larger density of dislocation dipoles may provide the dominant scattering.
Also consistent with the concept of fluttering dislocations, y irradiation reduces the phonon
scattering created by deformation, presumably by pinning of the dislocations. It is demon-
strated that the method of phonon imaging used here provides details of phonon scattering
processes which are not available from conventional thermal-transport measurements, espe-
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cially when the scattering is anisotropic.

I. INTRODUCTION

Lithium fluoride was used by Johnston and Gil-
man! in their classical investigation of dislocations.
It was natural, therefore, that LiF should later be
used in several studies of the phonon-dislocation in-
teraction in thermal transport.>~% From these stud-
ies a simple picture, as described later, has evolved
to explain the thermal conductivity x of deformed
LiF at temperatures below ~1 K. At higher tem-
peratures, however, the scattering mechanisms are
still in doubt. In this paper’ we provide detailed in-
formation on phonon scattering processes at tem-
peratures T >1 K using a ballistic phonon imaging
technique'® which resolves both phonon polarization
and direction of propagation.

Two basic scattering mechanisms have been pro-
posed for the phonon-dislocation interaction. The
first is a static mechanism which involves an anhar-
monic coupling between the strain fields of the pho-
non and those of a sessile dislocation.!"!? The
second envisions a resonant interaction between a
phonon of frequency o and a dislocation segment of
length L vibrating or “fluttering” at the phonon fre-
quency.'>!* The length L is the distance between
two pinning points. The resonant frequency of the
segment is w~w0/L, where U is a mean phonon
velocity. For phonons having frequencies near the
dislocation resonant frequency, the fluttering
mechanism is the dominant scattering process. The
pinning points are statistically distributed, resulting
in a broad spectrum of resonant frequencies.
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The following experimental evidence suggests that
the fluttering mechanism is the most important
scattering process in plastically deformed LiF crys-
tals at temperatures below ~1 K.

(i) The magnitude of the scattering is too large to
be explained by the static mechanism.5’

(i) Thermal conductivity and ballistic-phonon
measurements indicate that the slow-transverse
mode is scattered most strongly by the dislocations,’
and it is this mode which would be expected to ex-
cite a fluttering dislocation in LiF. The fast-
transverse phonons are so weakly perturbed by dislo-
cations that they scatter primarily at the surfaces of
the sample. This accounts for the T3 dependence of
k (“boundary scattering”),® for the dependence of k
on sample dimensions even in heavily deformed
samples,”® and for the fact that « is only weakly
dependent on the density of dislocations present.%’

(iii) Exposure of deformed samples to y irradia-
tion does not remove the dislocations but does re-
store the thermal conductivity to predeformation
values.®~® This restoration occurs first at the lowest
temperatures and continues to higher temperatures
with progressive y irradiations. This is the expected
behavior for the fluttering mechanism since pinning
of the dislocations by radiation-induced defects
reduces L, thereby increasing the resonant frequen-
cy. The result is to decrease the scattering cross sec-
tion for the low-frequency phonons which are the
major heat carriers at the lower temperatures.

Thus the model of fluttering dislocations is con-
sistent”!* with the measured k at T <1 K. Howev-
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er, thermal conductivity measurements are a poor
test of the details of this theory since the thermal
conductance is dominated by phonons rot scattered
by dislocations. In effect, the desired information
about the phonon-dislocation interaction is masked.

At temperatures above 1 K the situation appeared
to change. Experimentally the y irradiations”® were
much less effective in restoring « to predeformation
values, and all phonon modes were scattered.® Yet it
appeared that some subset of phonons still had a
mean free path of order 1 cm even in heavily de-
formed samples, since k was still dependent on sam-
ple dimensions. In addition the theory of fluttering
dislocations could not explain the strong scattering
observed at T > 1 K without assuming a larger den-
sity of dislocations in the form of dipoles.!* This
conclusion is compatible with the experimental re-
sults because dipoles do not appear in the experi-
mental etch-pit counts used to obtain the density of
dislocations.!%7

Since some phonons have a mean free path of or-
der 1 cm, we have used a ballistic-phonon-imaging
apparatus for a detailed study of phonon scattering
in deformed LiF at temperatures >2 K. The tem-
poral and angular resolution of the technique allows
the identification of the phonon mode, polarization,
and direction of propagation. Intensity resolution
provides a transmission coefficient or phonon mean
free path. The technique and results are presented
in Sec. II, and a comparison with theory is discussed
in Sec. IIL. In brief, the strong phonon scattering
anisotropy predicted for the fluttering mechanism is
observed, and a significant decrease in scattering
with y irradiation does occur in deformed LiF for
temperatures near 4 K. In the process, we have
developed a method for quantifying the phonon-
dislocation scattering mechanism via changes the
scattering produces in phonon-focusing structures.
We expect that the general technique will be adapt-
able to the study of interaction of phonons with oth-
er defects in crystals.

II. TECHNIQUES AND RESULTS

A block diagram of the ballistic-phonon-imaging
technique!®!>1¢ is shown in Fig. 1. The light beam
from a cw Nd:YAG (YAG is yttrium aluminum
garnet) laser is chopped by an acousto-optic (AO)
coupler and focused to a point on one surface of a
sample immersed in liquid “He. The focused pulse
can be rastered through a 256256 position matrix
on the sample surface. This surface is coated with a
constantan film to absorb the laser pulses. An ab-
sorbed pulse heats the film locally and thence radi-
ates thermal phonons into the sample. For typical
laser powers, the phonons have an equivalent tem-
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FIG. 1. Block diagram of the ballistic-phonon-imaging
apparatus. The components are discussed in the text and
in Ref. 15. In the present work, the laser and acousto-
optic coupler typically produce 180-ns, 0.5-watt pulses at
a 50-kHz rate.

perature of ~4 K. An Al superconducting bolome-
ter on the opposite surface detects the ballistic pho-
nons. The signal is amplified and integrated during
a time gate, which provides the temporal resolution.
This time-of-flight information assists in the identi-
fication of phonon mode and polarization. The sig-
nal is stored in a computer, which then instructs the
mirrors to move the following laser pulse to the next
point in the 256 X256 position rastor on the metal-
ized surface of the sample. Repositioning of the
source of the heat pulse provides the angular resolu-
tion in this technique and, with knowledge of the
sample thickness, identifies the direction of propaga-
tion of the detected phonons. The intensity pattern
stored in the computer provides a profile of relative
intensities for the directions of propagation scanned
during the measurement. In discussing this pattern
it is useful to invoke reciprocity, i.e., to think of the
phonons as originating at the detector and being
recorded by the 256 X 256 point rastor on the metal-
ized surface.

Three LiF samples with (100) faces were cut from
0.7%0.7X5 cm? pieces of the same material used in
Ref. 8. One piece was not deformed, one was de-
formed under compression by 1.6% to introduce
dislocations, the third piece was deformed 10%.
One ballistic-phonon sample was cut from each of
these pieces, with lengths of 0.45, 0.35, and 0.44 cm,
respectively. For convenience, we will refer to these
as the 0%, 1.6%, or 10% samples. A diagram of
sample deformation is shown in Fig. 2. Compres-
sion along [100] produced expansion primarily along
[010] as the [001] dimension was partly constrained
by the deformation jig. Since LiF tends to form slip
planes!’ of the {110} type with Burgers vectors
along (110), the most likely slip planes in these
samples are (110) and (110) containing edge and
screw dislocations oriented as shown in Fig. 2(a).
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FIG. 2. Sample geometry of the deformed LiF sam-
ples. (a) E denotes edge dislocations; S denotes screw
dislocations. (b) Reorientation of the [100] direction rela-
tive to the sample face for the sample deformed by 10%.
(The 30° angles correspond to the position at which the
horizontal ridge in Fig. 11 was scanned.)

Deformation also produced a rotation of the [100]
crystallographic axis relative -to the face of each
sample. The 12° rotation for the 10% sample is
shown in Fig. 2(b).

The (100) faces of the samples were polished with
0.3-um alumina suspended in ethanol. A 2400-A
layer of constantan was vapor deposited on one of
these surfaces, and a 700-A Al bolometer on the op-
posite face. The bolometers had a sensitive area of
2% 1072 cm on a side (5X 1073 cm for the thinner
sample compressed by 1.6%).

After measurements were obtained on these three
samples, the 10% sample was exposed to 6 10° rad
of y irradiation, remeasured, exposed to an accumu-
lated dose of 6 10° rad, and measured again. (I rad
= 100 ergs/g.) The purpose was to study the effect
of pinning on the phonon-dislocation interaction as
discussed in Sec. L.

The ballistic-phonon images obtained for the

three samples are shown in Figs. 3—5. Part (a) of
each figure shows the measured intensity profile,
while part (b) provides the same information in a
three-dimensional plot provided by the computer.
The amplifier gate was set to accept transverse-
acoustic phonons propagating ballistically across the
sample. In Fig. 3 the fast-transverse mode produces
the large, sharp horizontal and vertical “ridges” in
the intensity profile for the undeformed sample.
The slow-transverse mode produces diagonal
“ramps” which are difficult to see except where they
overlap to form the intense diamond at the center of
Fig. 3(a).

The concentration of the phonon energy flux in
certain directions, as shown in Fig. 3, stems from
the elastic anisotropy of crystals'®!>!® and is re-
ferred to as phonon focusing. Phonon focusing is a
well understood effect, and arises because phonons
need not propagate in the same direction as their
wave vector. Since the formation of intense focus-
ing structures depends upon direct propagation of
phonons from source to detector, any phonons scat-
tered in the bulk of the crystal cannot contribute to
these structures. The structure is strongly
suppressed if the focusing direction is coincidentally
a direction of strong scattering for a defect having
an anisotropic scattering cross section.

The changes seen in Figs. 4 and 5, relative to Fig.
3, result from phonon scattering introduced by de-
formation. The most obvious changes in the 10%
sample of Fig. 5 are the suppression of all of the
slow-transverse signal and one of the fast-transverse
ridges. (The longitudinal mode, which displays no
sharp structure, was also suppressed by deforma-
tion.) Figure 6 shows additional changes produced
by v irradiation.

The bright ridges in the ballistic-phonon images
of the deformed samples, Figs. 4 and 5, correspond
to ballistic propagation as for the undeformed crys-
tal, Fig. 3. This is evidenced in the temporal
domain by a well-defined heat pulse traveling at the
speed of sound. But it is found that only a fraction
of the phonons produced at the metal film pro-
pagate ballistically across the deformed crystal. The
remaining scattered phonons traverse the sample
diffusively, resulting in a broad pulse arriving at the
detector later than the ballistic delay time. Figure 7
shows the bolometer signal as a function of time for
three laser positions on the 10% sample. The first
pulse in all of the traces is due to a small amount of
scattered laser light striking the bolometer directly,
and serves to mark ¢=0. For trace 7(a) the laser
was positioned on the horizontal ridge of Fig. 5 re-
sulting in an intense ballistic pulse with a long tail.
For curve 7(b) the laser was moved to a point on the
edge of the horizontal ridge. There the ballistic por-
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FIG. 3. (a) Ballistic-phonon image of the undeformed sample of LiF. The center corresponds to exact [100] propaga-
tion and the image extends to about 38° from the [100] axis at the edges. The brightness is proportional to the detected
phonon intensity, and the anisotropy is due to phonon focusing. (b) Intensity profile of information in (a).

tion is dramatically reduced, but the tail is basically
unchanged. The third trace 7(c), taken at a point
below the ridge, shows no ballistic character, and re-
veals the tail from 7(a) to be a broad delayed pulse.
The delay time for the maximum in intensity of this
broad pulse varies from 3 to 5 times the ballistic de-
lay, and the intensity shows no large variation from
point to point on the sample.

This dual nature of phonon transport in the 10%
sample may also be observed in a set of images tak-
en at various times after the laser pulse. For a delay
of about 1 us, Fig. 5 shows the large ballistic inten-
sity in the horizontal ridge, with little intensity in
other areas. Images taken at delays of 2, 3, 5, and 8
us are plotted in Fig. 8, and show a rapid decrease
of the ridge intensities at times greater than the 1-us
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FIG. 4. (a) Ballistic-phonon image of the sample deformed by 1.6%. The viewing direction is along the direction of
compression; the lateral expansion occurred in the horizontal direction in this figure. The intensity scale is arbitrary and
cannot be compared directly with Figs. 3 or 5. (b) Intensity profile of information in (a).

ballistic time of flight. In other areas of the image
the intensity increases and reaches a maximum at
around 4 us, characterizing the diffusive portion of
the thermal transport. The transition from ballistic
to diffusive is not sudden. The ballistic-phonon-
focusing pattern decreases in intensity and broadens
spatially with increasing delay time. The remnant
of the sharp focusing pattern is probably due to pho-
nons which scatter a few times near the source until

they reach a direction having a low scattering cross
section, where they then propagate ballistically to
the detector.

In summary, we have observed in deformed sam-
ples of LiF two variations of thermal transport: (1)
ballistic transmission of a fraction of the phonons
through an angular window of minimal scattering,
and (2) diffusive transport of all other phonons. A
phonon image taken at ballistic delay times, on a de-
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FIG. 5. Ballistic-phonon image of the sample deformed by 10%. Note the partial attenuation of the vertical ridge of
the fast-transverse mode and the total attenuation of the slow-transverse mode. The dim vertical ridge may be difficult to
see in (a), but it is evident in the intensity profile of (b). The fact that the intersection of the ridges is off center and that
the horizontal ridge is most intense on the left is due to the reorientation of the [100] axis during deformation, as shown in
Fig. 2(b). (The dip in intensity near the left end of the horizontal ridge is due to a defect in the constantan film.)

formed sample, when compared to a similar image III. ANALYSIS

for a nondeformed sample, provides an indication of

the angular dependence of the scattering anisotropy. Only the model of fluttering dislocations'* will be
In the following section we compare our results with discussed since this model predicts a strong aniso-

the model of fluttering dislocations. tropy in the phonon scattering cross section, an an-
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FIG. 6. Ballistic-phonon image (a) and intensity profile (b) of the 10% sample after exposure to 6 X 10° rad of y irradia-
tion. Note the increase in intensity of the vertical ridge relative to the horizontal ridge, compared to that in Fig. 5. Also
the width of the ridge structure has increased due to scattering by defects introduced by y irradiation.

isotropy which is observed in the present ballistic-
phonon measurements. Predictions of the model
will be compared to measurements for which the
time gate is set to register only nonscattered pho-
nons. Phonons that scatter one or more times travel
farther than the line-of-sight path from source to
detector and arrive after the time gate. In this ap-
proximation the observed phonon intensity is

1(6,8)=1y(0,p)e ~¢/10¢) (1)

where I,(0,¢) is the anisotropic intensity due to
phonon focusing, d is the distance between source
and detector, and /(6,¢) is the angle-dependent pho-
non mean free path. Since the undeformed sample
exhibits primarily ballistic propagation, it should be
described by I =1,(8,9).

The mean free path /(0,¢) has been calculated by
Kneezel and Granato.!* The phonon shear-stress
component gy, which lies across the glide plane and
along the Burgers vector b of a dislocation, pro-
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FIG. 7. Bolometer signal as a function of time for
three positions on the 10% sample: (a) on the horizontal
ridge, 30° from the [100] center in Fig. 5(a); (b) still at 30°,
but just on the bottom edge of the horizontal ridge; (c)
continuing downward to a point well below the horizontal
ridge. In (b) and (c) the signal is amplified by a factor of
3. .

duces a force bo per unit length on the dislocation.
The equation of motion for the dislocation is that of
a damped, infinite string of mass 4, damping con-
stant B, and tension C, which is forced to oscillate
by the spatially and temporally oscillating phonon
strain field:
2

Et—z—+B—‘§;—— %:baocos(kx—a)t) . @
A solution to this equation is a traveling wave on
the dislocation having a frequency », and with both
in-phase and out-of-phase components. The portion

of this solution which is out-of-phase with the forc-
ing term on the right-hand side of Eq. (2) is propor-
tional to the damping B, and results in a dispersal of
phonon energy by the dislocation. The associated
inverse phonon mean free path is

1 QAGb%s
voA[(R*—1)2+s2?]

where Q=(0o/0, )2, s=B/Aow, and
R =(C/Av)sinn. Here A is the dislocation density,
G is an appropriate elastic constant for the phonon
of phase velocity v, o, is the total phonon stress, and
7 is the angle between the dislocation and the pho-
non wave fronts. When the parameters A and B are
evaluated,'* the ratio s is found to be a constant of
order unity.

Two quantities in Eq. (3) produce an anisotropy in
the scattering, the resolved shear-stress factor (1,
and the phonon-dislocation angle 1. The denomina-
tor in Eq. (3) produces a resonant scattering at the
angle 7 for which R =1. This resonance, called the
Ninomiya resonance,'® occurs when the component
of the phonon wave vector along the dislocation
matches the wave vector of the traveling wave on
the dislocation. Of the two anisotropic effects, Q is
the most important and is the only one evidenced in
the phonon-image data. Reasons for the apparent
absence of the Ninomiya resonance will be discussed
later. Since the Ninomiya resonance is not observed,
we have set the quantity s[(R?—1)245%]~! equal to
unity for convenience of computation.

The resolved shear-stress factor () is a measure of
the coupling of a phonon to the allowed motion of a
dislocation. It is the same for both screw and edge
dislocations, and is a function of the phonon mode,
wave vector, and slip plane in which the dislocation

(3)

FIG. 8. Sequence of post-ballistic images for the 10% sample. (The image for a ballistic delay time of 1 us is shown in

Fig. 5.) (a) 2 pus; (b) 3 us; (c) 5 us; (d) 8 us.
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lies. All that is required to calculate  is the pho-
non stress as a function of wave vector and mode,
and this may be obtained from the plane-wave solu-
tions to the equation of motion of the crystal.'®?
Because of the deformation observed for our sam-
ples (see Sec. II), we assume for now that only the
(110) and (110) slip systems were activated. The
resolved shear stress for these planes is
(011—02,)/2, where subscripts refer to Cartesian
coordinates aligned with the cubic crystalline axes.
This may be derived by rotating o into a [110],
[110], [001] coordinate system and taking the result-
ing 0, component as the resolved shear stress. For
plane waves in cubic crystals the strain tensor may
be written as®®
au, ek
em = axm =I1€K e

(K% —
i( X —ot) , (4)

where U is the displacement, K is the wave vector,
and € is the polarization vector. Averaging the
square of the resolved shear over the length of the
dislocation and using o;; =Cijy, ey, reduced for the
case of cubic symmetry, the resolved shear-stress
factor may be expressed as

2
011—0

2tr(o)

=(€1n1—€2n2)2 (5)

where n; =k; /k are the components of the unit wave
vector. This expression is normalized such that Q
ranges from O to 1, which corresponds to the range

of no-phonon-dislocation coupling to all of the pho-
non stress acting upon the dislocation. From Eq. (5)
it is clear that minimal scattering should occur when
011=079,, which will occur, for example, when k or
€ are parallel to [001].

To emphasize the role of Q, we rewrite Eq. (1) in
the form

1(6,4)=I0(6,)e ~PHE$) (6)

The constant (3, which will be called the scattering
strength, includes all of the isotropic factors from
Eq. (3) and the length of the sample. The anisotro-
pic factors are contained in Q. Figure 9 shows con-
tours of constant Q for LiF in the plane of wave-
vector directions corresponding roughly to that ap-
pearing in the phonon images. The vertical-
horizontal asymmetry results from our assumption
that only the (110) and (110) slip planes were ac-
tivated during deformation. The fraction of pho-
nons transmitted ballistically is approximately the
fraction of the (6,4) angular space for which
BQ <1, where B is proportional to the dislocation
density and for now will be used as a fitting parame-
ter. To calculate the expected real-space intensity
profile, we have used a Monte-Carlo method which
generates 4 10° randomly oriented k vectors and,
for each, computes the group-velocity direction, po-
larization, resolved shear-stress factor, and probabil-
ity of scattering. The ballistically transmitted pho-
nons are then projected along the group-velocity
direction onto the appropriate sample geometry (in-

0.5

0.2
0.l

FIG. 9. Contours of constant { in wave-vector anglé space for LiF deformed as in Fig. 2. (a) Fast-transverse mode.
Phonons in the cross-hatched area are transmitted through the 10% sample as discussed in the text. (b) Slow-transverse
mode. Phonons in the cross-hatched portion are transmitted through the 1.6% sample, along with most of the fast-

transverse mode.



6404 NORTHROP, COTTS, ANDERSON, AND WOLFE 27

cluding the rotation of the [100] axis, Sec. II) and
compiled in a 256 X 256 image matrix. Some results
are shown in Fig. 10, where the factor 8 of Eq. (6)
has been selected so that the computed intensity pro-
files approximate the measured profiles. The factor
3 is the only adjusted parameter.

For a large density of dislocations, such as occurs
in the 10% deformed LiF crystal, 3 is large and
only phonons for which Q~0 can propagate across
the entire crystal without scattering. These are the
phonons which appear in the ballistic-phonon image
of Fig. 5. The condition =0 is satisfied in certain
angular regions, and then primarily for the fast-
transverse mode. Since only a small fraction of the
longitudinal- and slow-transverse phonons give

Q0 =~0, the following discussion will pertain to the
fast-transverse mode alone. .

For the fast-transverse mode all k that lie in the
(001) plane have a polarization € parallel to [001].
Thus €;=¢,=0, and Q=0 for these wave vectors
which form the bright horizontal ridge in Fig. 5.
For all k in the (010) plane, € is parallel to the [010]
direction. Hence €,=0 and k,=0, which again
leads to Q=0. This group of weakly scattered pho-
nons forms the dim vertical ridge in Fig. 5. Since
only relative intensities are measured experimentally,
the remainder of this discussion will focus on the
difference between the horizontal and vertical
ridges.

The plots of Fig. 11 are computed phonon intensi-

FIG. 10. Monte Carlo computed images, including both transverse modes. (a) 1.6% sample, B=7 (cf. Fig. 4); (b) 10%
sample following 6 Mrad of y irradiation, B=55 (cf. Fig. 6); (c) 10% sample not irradiated, =2800 (cf. Fig. 5). The
crystal-axis rotation, produced by deformation, is included in this computation and causes the increased intensity at the

left side of the horizontal ridge.
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FIG. 11. Calculated phonon intensity near the (a) (010)
and (b) (001) planes, including both phonon focusing and
dislocation scattering, for several values of 8. The heavy
lines indicate the expected vertical and horizontal ridge
intensities for B=10% which is close to the value of
B=2800 for the 10% sample.

ties for scans perpendicular to the horizontal and
vertical ridges at points 30° from the [100] axis [see
Fig. 2(b)]. They represent transmitted intensity as a
function of angle across each ridge. The symmetric
double peaks are phonon-focusing singularities
which occur at about 2° on either side of the {100}
planes in LiF. The intensity at any point between
these singularities is due to the combined contribu-
tions of three distinct k vectors, whereas points out-
side the intense ridge correspond to only one k vec-
tor. (This is due to the folded structure of the
group-velocity surface.) The resolved shear-stress
factor Q is exactly zero for k in the {100} planes
and increases in magnitude as the k vector leaves
the plane. For B=0 in Eq. (6) the intensity across
the ridge is just /(6,4). The transmitted phonons
form bands in k space which are centered about the
{100} planes and narrow as 3 increases, since those
phonons with k vectors furthest from the {100}
plane have the greatest probability of being scattered

(see Fig. 9). As such a transmission band narrows,
the portions outside the singularities in Fig. 11 are
the first attenuated, next come two of the k vec-
tors in the midportion, followed by the folds at the
singularities, until only a narrow portion is left with
k very nearly in the symmetry plane.

The plots shown in Fig. 11 suggest that a value
for 3 may be obtained by comparing the data from a
ballistic-phonon image with the theoretical 1(6,¢).
This was not a practical approach in our experi-
ments because the angular resolution of the imaging
experiment was not high enough to accurately fit the
calculated curves in Fig. 11. However, 8 can be
determined by the ratio of total integrated intensity
across the horizontal ridge to that across the entire
vertical ridge. For such a comparison we have in-
tegrated the theoretical curves and have plotted, in
Fig. 12, the total ridge intensity as a function of 8
for both the horizontal and vertical ridges. For
large B, the integrated intensities exhibit a weak
power dependence on 3, with the horizontal ridge
intensity (H) being proportional to 7!/, and the
vertical ridge integrated intensity (V) being propor-
tional to B~!/2. As B approaches 0, both H and V
are limited to the same nonattenuated magnitude /.

Since the H and V intensities have different
dependencies upon S, the 3 for a measured H /V ra-
tio may be determined from the information con-
tained in Fig. 12. The four vertical lines in Fig. 12
represent the H /V ratios taken from our measure-
ments, their position on this plot results in the fol-
lowing values for B. For the 10% sample the mea-
sured H /V ratio in Fig. 5 is 20. This ratio, labeled

Integrated Intensity (relative units)

| L

vl ol sl saaaaal L Laa
10! 102 103 10 10°
Scattering Strength 8

FIG. 12. Integrated horizontal (H) and vertical (V)
ridge intensities as a function of 8. The H /¥ ratios mea-
sured in phonon images are shown as vertical lines: solid
line, 10% deformed sample, with no irradiation; dotted
line, 10% sample, 0.6 Mrad; dashed line, 10% sample, 6.0
Mrad; dotted/dashed line, 1.6% deformed sample, no ir-
radiation.
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y=0 Mrad in Fig. 12, gives 3=2800. After expo-
sure to 0.6 Mrad of y irradiation the H /V ratio has
changed such that 3=400. After a total exposure to
6.0 Mrad (Fig. 6), we find f=55. Thus each succes-
sive dose of irradiation decreased the scattering
strength of the dislocations by a factor of ~7. The
ratio H/V =1.7 obtained for the 1.6% sample (Fig.
4) yields B=7.

Only two deformed samples have been studied,
but it is clear that the scattering strength of the
dislocation system is a superlinear function of the
strain. An increase of 6 in strain resulted in a 400-
fold increase in scattering strength between in 1.6%
and 10% samples.

Having obtained values for the scattering parame-
ter B which bring the theory into agreement with
our measurements, we can look again at the aniso-
tropy of the phonon-dislocation scattering process
shown in Fig. 9. In Fig. 9(a) the cross-hatched area
(for Q< 2_3106) indicates the angular space within
which ballistic propagation of fast-transverse pho-
nons can occur for then 10% sample before irradia-
tion. Likewise in Fig. 9(b), the cross-hatched area
(for Q< %) shows the angular region in which
slow-transverse phonons can propagate in the 1.6%
sample. This transmission, plus phonon focusing,
accounts for the two sharp maxima seen in Fig. 4
near the center of the vertical ridge. The two maxi-
ma are the upper and lower corners of the intense
slow-transverse “diamond”; the left and right
corners are more highly attenuated because ) is
larger for those directions. An additional compar-
ison of theory and experiment for the deduced
values of 3 is provided by Fig. 10.

It is possible to compute S using, for the disloca-
tion density A, the values ~3X10" cm™2 and
~2%10% cm~2 for the 1.6% and 10% samples,
respectively, as deduced from etch-pit counts on
similar samples.® The computation gives B~7 for
the 1.6% sample, in excellent agreement with the
value of B~7 deduced from Fig. 12. For the 10%
sample, however, the model of fluttering disloca-
tions gives S~40 which is a factor of 70 smaller
that the value B=2800 deduced from our measure-
ments using Fig. 12. In their application of the
fluttering dislocation model to thermal conductivity
data, Kneezel and Granato'* concluded that a simi-
lar discrepancy for thermal conductivity is due to
the existence of a high density of dislocation dipoles.
They fitted the thermal conductivity data by assum-
ing a dipole density of about 30 times the monopole
density and an average spacing, between the two
dislocations of the dipole pair, which is 60 times the
Burgers vector. Dipoles are difficult to detect and
would not be included in the etch-pit count utilized
in our computation of B from the vibrating-string

model. Although the frequency dependence of di-
pole scattering is different than that for monopoles,
the anisotropy, again represented by the resolved
shear-stress factor (), is the same as for monopoles.
Hence the present analysis still applies. No dipole
density is required to explain our results for the
1.6% sample but the dipole density for the 10%
sample would be ~ 10! cm~2,

Kneezel and Granato!'* also commented that the
dislocations (or dipoles) should be fully pinned (see
Sec. 1) at a ¥ exposure of ~2X 10° rad, which was
believed to produce an average pinning-point separa-
tion L of ~8x 1078 cm. However, Fig. 12 indicates
that exposure to v irradiation is still suppressing the
phonon-dislocation interaction at an exposure of
6< 10° rads, and that the reduction in 3 is roughly
proportional to accumulated exposure between
6 10° and 6 10° rad. Even though this theoreti-
cal detail is not consistent with the present data, one
should note that only the model of fluttering dislo-
cations provides the highly anisotropic scattering
that has been observed in the ballistic-phonon im-
ages.

As stated previously, the nonequivalence of the
[010] and [001] directions indicated by the H /V ra-
tio infers a strong predominance of the (110) and
(110) glide-plane dislocations over the other possible
{110} systems. A quantitative analysis using com-
putations similar to those described above indicates
that, in the 10% sample, the S for the (110) slip-type
dislocations must be at least 10° greater than the 3
for the (101) type. That is, the density of disloca-
tions on the two slip planes shown in Fig. 2(a) is far
greater than for other potential slip planes.

We had attempted to measure the frequency
dependence of the phonon scattering. In the
phonon-imaging experiment a Planck distribution of
phonons, which may be characterized by a tempera-
ture 7T, is emitted by the heated metal film into the
sample.”"?> The temperature, and hence the average
phonon frequency in the distribution, may be varied
experimentally by changing the power density in-
cident upon the metal film. This was done on the
1.6% sample by defocusing the laser, which provid-
ed a variation in metal-film temperature by about a
factor of 3 from T~3 K to T~10 K. The mea-
sured H /V ratio remained constant ~ +3%, which
suggests by Fig. 12 that 3 was constant to ~ +9%.
This result seems to indicate that the scattering
strength is only weakly frequency dependent above 3
K. The model, on the other hand, predicts 8 vary-
ing roughly as @ ™", with n =~ 1 (unless the average of
the dislocation resonant frequencies falls near the
temperature range of our measurement). We cannot
be certain whether this difference arises from a
problem with the vibrating-string model, or because
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the frequency distribution of phonons actually
reaching the bolometer is not representative of that
produced in the metal film.

A measurement of the Ninomiya resonance angle
Mo, discussed after Eq. (3), is of interest because it
would determine the ratio of the string tension to
string mass, C /A4, and would provide a value for the
damping strength B. Unfortunately, the Ninomiya
resonance could not be observed for our samples.
There are several possible reasons for this. First, the
resonance should be observable in the present experi-
mental geometry only for screw dislocations. Thus
the observed effect will be reduced by the ratio of
the screw dislocation density to the edge dislocation
density. Second, the (110) and (110) slip systems
would produce cancelling asymmetries if they were
populated equally. That is probably not the case,
though, since there was a clear rotation of the crys-
tal [100] axis which favors the (110) slip plane.
Third, the geometric asymmetry caused by the axis
rotation of Fig. 2 prevents the assignment of the ob-
served asymmetry along the horizontal ridge (Fig. 5)
to the Ninomiya effect. Finally, the Ninomiya reso-
nance would be attenuated by the presence of pin-
ning points, being of little importance for phonons
having a frequency w near the fundamental disloca-
tion resonance of ~#7/L.

IV. CONCLUSIONS

The scattering of thermal acoustic phonons from
deformation-induced dislocations in LiF, as ob-
served in a ballistic-phonon image, is strongly polar-

“ization dependent. The form of this anisotropic in-
teraction agrees with that predicted by the theory of
fluttering dislocations, which has the phonon scat-
tered by sympathetic vibration of the dislocation. In
a sample plastically deformed by 10% of its length
and which has (110) and (110) slip planes, a group of
phonons (H) with wave vectors lying near the (001)
plane transit the length of the sample ballistically.

Another set (V), with wave vectors near the (010)
plane, is partially transmitted. A comparison of
these two intensities (H /V) gives, for the first time,
a total scattering strength for dislocations. The
resultant scattering strength, S=2800, implies that
the most strongly scattered phonon polarizations
have a mean free path of less than 10~3 of the sam-
ple length, or /<4X 10~* cm. This scattering
strength is too strong to be explained theoretically
by the observed density of isolated dislocations, and
may indicate the participation of a larger density of
dislocation dipoles. On the other hand, in a sample
deformed by only 1.6%, the observed scattering
strength is in good agreement with that calculated
from the measured density of isolated dislocations.

The phonon-imaging technique has been shown to
be a sensitive probe of defect scattering. The
method yields details not available from thermal
conductance measurements, especially when the
phonon scattering is anisotropic. Phonon imaging
provides a stringent test for models of phonon
scattering. In the present work the scattering
strength BB, of the fluttering-string model, could be
extracted because a selected population of disloca-
tions was introduced by the deformation process.
But even if the defects had been randomly oriented,
the ratio of slow-transverse to fast-transverse
scattering strengths would provide equivalent infor-
mation.
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FIG. 3. (a) Ballistic-phonon image of the undeformed sample of LiF. The center corresponds to exact [100] propaga-
tion and the image extends to about 38° from the [100] axis at the edges. The brightness is proportional to the detected
phonon intensity, and the anisotropy is due to phonon focusing. (b) Intensity profile of information in (a).



FIG. 4. (a) Ballistic-phonon image of the sample deformed by 1.6%. The viewing direction is along the direction of
compression; the lateral expansion occurred in the horizontal direction in this figure. The intensity scale is arbitrary and
cannot be compared directly with Figs. 3 or 5. (b) Intensity profile of information in (a).



FIG. 5. Ballistic-phonon image of the sample deformed by 10%. Note the partial attenuation of the vertical ridge of
the fast-transverse mode and the total attenuation of the slow-transverse mode. The dim vertical ridge may be difficult to
see in (a), but it is evident in the intensity profile of (b). The fact that the intersection of the ridges is off center and that
the horizontal ridge is most intense on the left is due to the reorientation of the [100] axis during deformation, as shown in
Fig. 2(b). (The dip in intensity near the left end of the horizontal ridge is due to a defect in the constantan film.)



FIG. 6. Ballistic-phonon image (a) and intensity profile (b) of the 10% sample after exposure to 6 10° rad of y irradia-
tion. Note the increase in intensity of the vertical ridge relative to the horizontal ridge, compared to that in Fig. 5. Also
the width of the ridge structure has increased due to scattering by defects introduced by y irradiation.



