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Measurements of the lattice thermal conductivity in superconducting Al demonstrate the existence of a
resonant phonon-dislocation interaction near 10'° Hz. Three different models of dislocations, each
exhibiting an eigenfrequency, may be made to agree with the data. It is suggested that the dynamical
behavior of dislocations at thermal amplitudes, as observed in the present measurements, may differ
from the dynamical properties appropriate to ultrasonic and other techniques which employ macroscopic

strain amplitudes.

I. INTRODUCTION

The string model of a dislocation has been rath-
er useful in explaining the dynamic behavior of
dislocations.! In this model the dislocation is
viewed as an elastic band having mass and tension,
each of which may be related quantitatively to the
physical properties of the crystal. If the disloca-
tion is held fixed at certain positions by a random
array of pinning points along its length, the re-
maining free segments may vibrate at frequencies
which are inversely proportional to the lengths of
those segments. The expected frequencies are
such that they may influence the thermal proper-
ties (specific heat, thermal transport) of a crystal
at sufficiently low temperatures. Hence, these
properties may also be studied in an attempt to
test the model.

Indeed the presence of resonant dislocations has
been observed in low-temperature thermal-con-
ductivity measurements on LiF (Ref. 2) and super-
conducting Nb.®> However, in neither case was it
possible to make a definitive comparison with’
theory. Either the dislocation loop lengths or the
phonon-dislocation scattering cross sections were
not experimentally available. In fact, for Nb it
was equally possible to explain the experimental
results in terms of other models of dislocation
motion. It is desirable, therefore, to seek other
materials in which dislocations are more amenable
to experimental investigation.

Recent measurements on thermal transport in
superconducting Al suggested the presence of a
resonant phonon-dislocation interaction.? The pur-
pose of the present work has been to explore this
possibility. To this end we have measured the
lattice thermal conductivity of superconducting Al
below 1 K using two different techniques. The
first was a standard measurement of the thermal
conductance of an annealed Al rod which had a
section in which dislocations were deliberately in-
troduced. The second technique involved measure-
ments of the thermal conductance of thin Al foils

s

under stress and with heat flow directed perpendic-
ular to the plane of the foil.

Useful information concerning phonon scattering
could only be obtained below ~ 0. 2 K with either
technique, since at higher temperatures in the su-
perconducting state of Al, the thermal conductivity
is dominated by electrons. Hence, although we
can state conclusively that a resonant phonon-dis-
location interaction does occur in Al, some details
of the resonance are not available. Data which
support the conclusion that a resonant interaction
does occur are presented in Sec. II, and a compar-
ison with theory and with other relevant data is in-
cluded in Sec. mI.

II. EXPERIMENTAL RESULTS

Thermal-conductivity data for an Al rod of
0.6-cm diam were obtained using apparatus which
has been described elsewhere.® The rod was an-
nealed at 400 °C for 20 h in vacuum, was carefully
mounted in the cryostat in an attempt to avoid
strain, and then the lower half was bent to intro-
duce dislocations. Data were obtained from both
the “unstrained” and the intentionally strained por-
tions. The electrical residual resistivity ratio
after mounting was 600. The fractional difference
in temperature across the sample was 5% or less
during a measurement.

The data obtained from the Al rod are shown in
Fig. 1. The solid curve is the electronic thermal
conductivity calculated from the BCS theory of
superconductivity,5 assuming a critical tempera-
ture of T, of 1.17 K and an energy gap of 3.52
kT,.° This was subtracted from the data to give
the lattice conductivity k,. = The broken line repre-
sents the lattice conductivity if phonons were dif-
fusively scattered by the surface of the rod only.
This surface was in fact smooth, so specular re-
flection of phonons would occur and no correction
was made for boundary scattering.® The phonon
mean free path I = k,/aT® with a =0. 27 W/cm®K*,
The results are presented in Fig. 2 for the “un-
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FIG. 1. Thermal conductivity of superconducting Al.
vV, sample intentionally strained; O, sample not inten-
tionally strained.

strained” sample. Also shown is the mean free
path associated with the additional phonon scatter-
ing caused by strain introduced into the bent sec-
tion. That the magnitude of the latter is nearly
identical to that of the background, which is as-
sumed to be given by the scattering present in the
“unstrained” sample, only indicates that we have
coincidentally doubled the number of dislocations
in the process of bending the rod.

For the measurements of the thermal conduc-
tance of Al foils, each foil was sandwiched between
two Cu plates of about 1-cm? area. The Cu sur-
faces had been lapped to optical flatness. Mylar
of 6x10™*-cm thickness provided electrical isola-
tion between the Cu and Al, and the sandwich was
bonded together with epoxy. The thermal imped-
ance R between the copper plates was measured
in the presence of a constant heat flux with the Al
in both the superconducting (Rgc) and normal (Ry)
states. Since in the normal state the electronic
thermal conductance of the Al foil is large, the
difference (Rgc —Ry) removes the thermal resis-
tance of the Mylar, epoxy, and interfaces and
gives just the thermal resistance across the su-
perconducting Al foil. Dislocations were intro-
duced into the annealed Al foil at low temperature
by differential thermal contraction. This reduced
the chance of recovery of a strained sample or of
diffusion of impurities to the dislocations which
might take place at room temperature.

Thermal resistance data obtained from a sand-
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FIG. 2, Phonon mean free path ! in superconducting
Al. The symbols refer to the same samples as in Fig.
1; see text for details. Curve A is the phonon mean
free path deduced from measurements on an Al foil.

wich containing a 0.024-cm thick Al foil is shown
in Fig. 3. The foil, in situ, had an electrical
residual resistivity ratio of 1000 measured per-
pendicular to the direction of heat flow. Although
the thermal boundary resistance of the epoxy-Al
interface may differ slightly between the super-
conducting and normal states,* only a small error
is introduced if data above ~0.06 K are used in
obtaining the difference (Rgc —~Ry). Also, as men-
tioned before, data above = 0.3 K are influenced
by electronic thermal conduction and thus are not
used to obtain (Rgc — Ry).

The phonon mean free path obtained from the
data of Fig. 3 is included in Fig. 2 as curve A.
Data on a much thinner sample, 0.0028 cm thick,
gave the same temperature dependence but a fac-
tor of 3 shorter mean free path. Much thicker
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FIG. 3. Thermal impedance R of a Cu~dielectric-Al-
dielectric-Cu sandwich, multiplied by the cube of the
temperature to remove most of the temperature depen-
dence. v, superconducting state of the Al; v, normal
state.
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samples (x0.1 cm) also gave the same tempera-
ture dependence, but no phonon mean free path
.was computed since it is unlikely that the disloca-
tions were even approximately uniformly distrib-
uted through the thickness of these Al samples.

It is believed that the strain is greater near the
epoxy-Al interface.

We thus found from four independent measure-
ments on foils and two on rods that I in each case
had the same temperature dependence, although
admittedly the temperature range was rather nar-
row. We concluded that the same phonon scatter-
ing mechanism was present in each sample, and
that only the density of scatterers was changed.
Also the density of scattering centers was related
to the strain. Assuming dislocations were respon-
sible, the rod was sectioned by spark erosion,
electropolished to remove surface damage, and
dislocation etch-pit counts obtained. In the bent
sample the total count was close to 2x 108 cm™2.
The density in the “unstrained” half was therefore
~108 cm'z, and the process of bending introduced
an additional = 10® cm™, The latter figure may be
compared with the estimated density of 0.8
x10° cm™ obtained by using the radius of curvature
of the bend in the sample.” If the phonon scattering
were proportional to the dislocation density, the
foil (curve A of Fig. 2) would contain on the aver-

age ~2x 10" cm™2,

III. DISCUSSION

The phonon scattering depicted by Fig. 2 is
definitely not caused by the static strain field sur-
rounding the dislocations. A dislocation density
of order 10'* ¢cm™ would be required to produce the
measured phonon mean free path in the rod, and
~ 10" cm™ for the foil.**° This is a factor of over
10* larger than the actual dislocation count in the
rod, and for the foil, is a larger density than can
be expected to exist even in a severely strained
sample. Furthermore, the temperature depen-
dence of Fig. 2 is not the T"! expected for static-
strain-field scattering.®® One might attempt to
match the measured temperature dependénce by
assuming a special dislocation array,'%!! but this
would necessitate an even greater density of dis-
locations. It is therefore not possible to explain
the measured phonon mean free path in terms of
static dislocations.

Theoretically, an eigenfrequency may be associ-
ated with dislocations in several ways.?® It is
likely that each model could be made to fit our da-
ta since the data are limited to a narrow tempera-
ture range within which the “resonant” minimum
near 0.2 K in Fig. 2 is not fully and conclusively
developed. In the following we will assume that a
resonance does occur at 0.2 K or at a phonon fre-
quency of ~2x10'° Hz, and will compare the data
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with four models involving resonant dislocations.

The Granato-Liicke model,'? mentioned in Sec.

I, treats the dislocation like an elastic band
stretched between pinning points a distance L
apart, on the average. Hence, the dislocation ex-
hibits a natural resonant frequency inversely pro-
portional to L, and incident phonons of the same
frequency may be absorbed and then reradiated in
a different direction. On the basis of this model a
dislocation density of ~4x10°% cm™2 would be re-
quired to account for the thermal resistance of the
rod,' a value which is in reasonable agreement
with the measured value of ~10% cm™2. * The foil
would require =~ 10° cm'z, which is also a reason-
able result. In addition, the observed temperature
dependence of / is accounted for. However, the
average loop length L would have to be ~ 1078 cm,
a value much shorter than usually deduced from
acoustic measurements.?'® This might be ex-
plained by a set of “weak” pinning points which
would not influence ultrasonic or dc stress-strain
measurements, but would dominate the thermal -
conductivity measurements. In the latter, the
dislocations are in thermal equilibrium with the
lattice at a very low temperature and thus vibrat-
ing with the smallest possible amplitude.

Alternatively, one could attempt to explain the
high resonant frequency by an array or atmosphere
of impurities which have diffused to the disloca-
tion."* However, the dislocations in the foils were
formed at low temperature, so diffusion of impuri-
ties was unlikely.

Another possibility is that an eigenfrequency is
associated with the intrinsic structure of the dis-
location. For example, the dislocation may oscil-
late within the undulating lattice or Peierls poten-
tial.'® The resonant frequency v, is then

vo (7 p/4mpb?)*/?

where p is the mass density, b is the magnitude

of the Burgers vector, and T, is the Peierls
stress. A resonant frequency of 2x 10'° Hz leads
to a Peierls stress of 7,~10" dyn/cm? a value
which is small compared to typically quoted values
of ~10° dyn/cm?®.'® The required dislocation den-
sity, however, would be in agreement with the ex-
perimental value.

Kronmilller has considered the resonant modes
related to the relative motion of the parts of a
dissociated dislocation.!® The explicit case of Al
has not been considered, probably because the
stacking-fault energy in Al is believed to be large
and not conducive to the formation of partials.!’
Nevertheless, for several other fcc metals, Kron-
miller obtains vo~ 10— 10! Hz, which is in
agreement with the present results on Al. In ad-
dition, we believe the temperature dependence and
required dislocation density would be in qualitative
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agreement with the data.

There is some additional evidence in favor of
the Kronmiiller and Peierls potential models. The
temperature dependence of ! is essentially the
same in six different measurements using Al of
different purity from four different sources. It
is unlikely that the array of pinning points would
reproduce so well that L in the Granato-Licke
theory was always the same. With the Kronmiller
or Peierls potential models, on the other hand, one
would expect the resonant frequency to remain con-
stant since the resonance is essentially indepen-
dent of purity. It is quite possible, however, that
both the string and the resonant structure models
are valid. At large amplitudes with the whole dis-
location in motion, as in ultrasonic or dc stress-
strain measurements, the string model would be
appropriate. At thermal amplitudes, as in the
present measurements, the intrinsic structure of
the dislocation may dominate.

In comparing the present results with other mea-
surements, we note again that resonant dislocations
have been studied in LiF? and in bee Nb in the
superconducting state.® In both cases, there was
evidence that the eigenmode was influenced by the
dislocation structure, although in LiF there was
also clear evidence in support of the Granato-
Licke string model. It is possible that different
dislocation models will be appropriate to different
kinds of crystals.

Measurements on phonon-dislocation interaction
in normal metals are still in a state "of confusion.
Often the experimental results are in good agree-
ment with calculations of phonon scattering by the
static strain field.'® In other experiments, how-
ever, the phonon mean free path may more readily
be explained by assuming a movable or resonant
dislocation.'*!? If, as suggested by the present
data, eigenmodes of dislocations do exist in met-
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als, why is there so little evidence of this in the
numerous measurements on lattice conduction?

A possible answer lies in the damping of the reso-
nance by electrons.® Near 1 K a reduction in the
amplitude of the resonant phonon scattering by a
factor of ~10% would reduce the phonon scattering
sufficiently that the static strain field mechanism
would become dominant.? Since the static strain
field scattering increases with frequency, a small-
er factor would be sufficient at higher tempera-
tures. In the Granato-Liicke theory, however, the
influence of electronic damping on the dislocation
resonance is related to the average loop length
L.22 The damping effect decreases for smaller L.
A reduction of ~10? in the amplitude of the reso-
nant phonon scattering would not be realized for
the observed magnitude of electronic dampingm

if L~10"% cm as required by the present data. In
other models, such as that of Kronmiller, no es-
timate has yet been made as to the quantitative ef-
fect of electron damping on the equilibrium ther-
mal behavior of a dislocation.

1IV. SUMMARY

Experimental measurements of the lattice ther-
mal conductivity in superconducting Al have dem-
onstrated the presence of resonant scattering of
phonons by dislocations. Both the temperature
dependence and the phonon-scattering cross sec-
tion agree with several theoretical models of a
dislocation which display an eigenfrequency near
10'° Hz. All of these models have one or more
adjustable parameters which have not as yet been
determined experimentally. It is thus not pos-
sible from the present data to ascertain in general
which model is more realistic. Indeed, different
models may apply to different materials, and the
appropriate model may depend on the magnitude
of dislocation motion encountered.
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