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Lattice thermal conductivity of copper alloys below 2 K*
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Thermal-conductivity measurements have been made between 0.06 and 2 K on copper samples containing 10-

at. % Al. The data suggest that thermal phonons are resonantly scattered by dislocations at a frequency of
= 10" Hz. The scattering of phonons by conduction electrons is io agreement with theory in both temperature
dependence and magnitude. No unusual behavior has been observed in the thermal conductivity of CuA1,
CuNi, or CuZn alloys near 0.5 K as had previously been reported.

I. INTRODUCTION

The thermal conductivities of copper alloys have
been measured many times in several laboratories.
The incentive for the present set of measurements
perhaps can best be conveyed by a brief review of
the literature and of our study of dislocations.

It has been demonstrated, using thermal con-
ductivity and ballistic heat-pulse techniques, that
dislocations in LiF behave like vibrating elastic
strings, and that the lengths or resonant frequen-
cies of the strings can be adjusted using y-ir-
radiation induced defects to pin the dislocations. '
It has also been shown, using ~«»«d disloca-
tion densities, that thermal phonons are much more
strongly scattered by the localized modes than by
the static strain fields of dislocations. This ac-
counts for a factor of 102-10' difference between
theory and experiment that previously had been
reported; the data had been analyzed in terms of
the wrong model. Other measurements gave evi-
dence that a Peierls or undulating lattice potential
energy experienced by the dislocations influenced
the localized modes. ' '

Measurements were carried out involving ionic,
covalent, and fcc, bcc, and tetragonal metallic
materials. ' ' The metallic samples were always
in the superconducting state so that the masking
thermal conductance of the conduction electrons
could be avoided. We wished to extend the mea-
surements to normal metals to study any role the
conduction electrons might play in the phonon-
dislocation interaction. The electrons for ex-
ample could serve to thermalize the phonons and/or
damp the vibrating dislocations.

Experimentally, it is most convenient to measure
the phonon or lattice conductivity ~ in an alloy
because alloying reduces the electronic contribu-
tion to the total thermal conductivity z. Copper
alloys have been chosen for this study since much
experimental work has already been done on this
system at low temperatures and since several in-

teresting features have been observed in ~ for
these alloys. The introduction of dislocations
through deformation always reduces the magnitude
of Kg above =1 K and generally gives a temperature
dependence close to v oc T . The scattering pro-
cess responsible for this behavior is generally
assumed to be related to the scattering of thermal
phonons by the static strain fields surrounding the
dislocations. ' Near 2-3 K, however, there is
frequently said to be a kink or a change in the
slope' ' of a plot of v vs T. This has been at-
tributed to a reduction in phonon scattering which
occurs when the wavelength of the dominant ther-
mal phonons exceeds the separation between dis-
locations, ' ~ see Sec. IVD, and/or to the pres-
ence of localized modes associated with the dis-
locations as discussed above. ' ""(A change in
slope occurring for well-«««ed samples has
been attributed to a change, with temperature, of
phonon scattering by conduction electrons, ' "see
Sec. IV A.) In brief, there is still some question
as to the behavior of dislocations in copper (and
other) alloys above = I K.

At temperatures below =1 K the lattice thermal
conductivity has been observed to have a negative
temperature dependence, that is, Kg decreases
with increasing temperature ix,x2,i6 This is a very
unusual behavior for ~ in this temperature range
and is indicative of an explicitly temperature-de-
pendent phonon scattering cross section. Further-
more, some samples" exhibited a peak in Kg near
0.5 K. The halfwidth of the peak was less than 0.5
K, or in other words less than the effective half-
width of the thermal-phonon spectrum used to de-
tect the peak. Thus the peak suggests the presence
of a phase transition. Finally, there was some
question as to the temperature dependence of the
electron-phonon interaction in these alloys. "

We wished to study the dislocation-phonon inter-
action in copper alloys below =2 K and at the same
time to study the features mentioned above. The
new ingredients introduced into the experiments
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were an extension of the temperature range to
lower temperatures by a factor of 10, and an ex-
plicit measurement of the dislocation densities
within the samples.

The experimental technique is discussed in Sec.
II, the data are presented in Sec. III, and the re-
sults are discussed in Sec. IV. A brief summary
of the conclusions may be found in Sec. V.

II. EXPERIMENTAL TECHNIQUE

The samples were in two forms which, for con-
venience, will be referred to as plates and rods.
Plates of =6-cm length were cut from cold-rolled
strips of Cu 0.05 cm thick by 2.5 cm wide contain-
ing either 30.8-at, fp Zn, 10.V-at. % Al or 3.4-at. %
Ni." Some of these samples were annealed in
vacuum at S00 'C to reduce the dislocation density.
The mounting arrangement for the plates is shown
in Fig. 1. A slotted copper bar was silver soldered
at each end" to provide an isotherm. The solder-
ing was performed with the sample area immersed
in water to prevent annealing. The top bar was
thermally and mechanically attached to a dilution
refrigerator with copper bolts, "and an electrical
heater was attached to the bottom bar. Resistance
thermometers for measuring the temperature
gradient were attached to 000-120 brass screws
(=0.07 cm diam) which were inserted into under-
sized tapped holes in the samples to improve elec-
trical and thermal contact. For measuring the
electrical conductivity, current leads were at-
tached to the copper bars and potential leads were
connected to the two brass screws.

Rods of CuAl alloy were made from the same

T2 =~ .-~=R

FIG. 1. Mounting arrangement for rod samples {right),
and plate samples {left, edge view). 8, sample; F,
refrigerator; 8, copper bar; C, copper collet; R,
copper ring; H, electrical heaters; T, resistance ther-
mometers. The distance between T& and T2 was typi-
cally= 4 cm. Heater H& was positioned so as to avoid
temperature gradients between the sample and a magnetic
thermometer. Superconducting leads were used on the
heaters to provide thermal isolation.

cold-rolled striy, but recast into 0.4-cm-diam
quartz tubes by induction heating under vacuum.
The rods were passed through the induction coils
several times to remove cavities, and the den-
sities of the rods were measured as a final check.
The rods were further vacuum annealed at 600 'C

after removal from the quartz tubes, and then
cheeked for homogeneity along their lengths using
electrodeposition.

The mounting arrangement for the rods, Fig. 1,
was similar to that used in Ref. 2. The toy end
was firmly gripped by a copper collet; the two
resistance thermometers and the bottom heater
were attached to separate annealed copper clamps.
The thermometer clamps were used as potential
probes in measurements of electrical conductivity.

Thermometer T, of Fig. 1 was uncalibrated and
served to maintain that point on the sample at a
constant temperature during a measurement by
electronic regulation of power to heater H, . Tem-
peratures before and after heat Q was applied to
H, were measured using T2. Thermometer T, was
calibrated in situ 0 using a cerium magnesium
nitrate magnetic thermometer2' calibrated against
the vapor pressure of pure 'He and checked against
several supereondueting fixed points. '2 " The
resistance thermometers were modified Speer
resistors, 24 although germanium thermometers
were occasionally used at temyeratures above 1 K.
When carbon thermometers were used, both T,
and T, were selected to be nearly identical in re-
sistance versus temyerature. Hence any residual,
intrinsic drifts would tend to cancel. '~ Actually
two Speer resistors (100- and 220-0 nominal) were
used at each position to provide optimum tempera-
ture resolution both above and below 0.2 K. The
relative change in temyerature of T2 in measuring
~ was b, T/T &10/o, with occasional checks to be
certain that the measured x was independent of the
~T used.

The calibration of T, was carried out in the fol-
lowing manner. Each pair of consecutive calibration
points was used to obtain n =d(lnR)/d(ln T) =~T/
ATIT, , whereR and ~ were the average and dif-
ference in resistance for a pair of points. The
slope n was plotted versus lnR, and a smooth
curve drawn through the points. "

In measuring z, the temperature To of T~ was
measured dEref"tzy with the magnetic thermometer
with no heat applied to H, (Fig. 1). Then ~ of
thermometer T, was measured after heat was
applied to H„and R was calculated. The graph
of n vs lnR gave a value for n, whence LT/T
=~/nR and T=T (1-o~/2nR) ' In brief, the.
temperature was determined essentially by the
magnetic thermometer and the change in tempera-
ture by the resistance thermometer. This teeh-
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nique is of some importance since drift and cer-
tain other problems associated with carbon ther-
mometers affect n less than R at a given tempera-
ture F.inally, g =QL/An. T, where L andA were
the separation between thermometers and the cross
sectional area of the sample, respectively.

The electrical resistance of each sample was
measured with a standard four-terminal potenti-
ometric method using the thermometer mounts
as the potential probes. Hence, the geometrical
factor was the same for the electrical and thermal
measurements. The resistances were measured
at less than 2 K and at 4.2 K. These two values
agreed to within 0.1% for each sample.

Dislocations were intentionally added to some
annealed samples by bending those samples about
a radius directed perpendicular to the axis of the

plate or rod.
The dislocation densities of the annealed or of

the annealed and deformed CuAl samples were
estimated from etch-pit counts. The etching
technique was based on a procedure developed at
the University of Virginia '* ' and is too lengthy
to describe in detail. " Briefly stated, the samples
were sectioned by spark erosion at = 45' to all
planes of symmetry and under minimum damage
conditions. The surfaces were then mechanically/
chemically polished and electropolished to provide
a smooth, flat surface free of damage. Etching
was done at -8 to —9 C for =1.5 sec using a modi-
fication of Livingston's solution. " The resulting
pits remained for about a week if the samples were
stored in an inert atmosphere. The pitted sur-
faces were photographed using a scanning electron
microscope. The individual pits on a given grain
had the same size, shape, and orientation.

Etch-pit counts were generally reproducible
within the same grain, but varied from grain to
grain because of the orientation of the surface and

the variation in susceptibility to pitting of the vari-
ous orientations. Counts made on different sur-
faces cut from the same sample agreed to within
a factor of 2 or 3. Within this accuracy, we will
assume that the dislocation density encountered

by phonons is the same as the etch-pit density.
The annealed CuAl plates had a grain size of

=10 ' cm and a dislocation density of =10' cm '.
The annealed CuAl rods had a grain size of =10 '
cm and a dislocation density of =10~ cm . Bending
an annealed rod increased the density to =10' cm '.
An attempt was made to obtain a density less than
10' cm ' in the rods by means of a longer higher-
temperature (800 'C) anneal. However, these
samples issued audible pinging noises while lying
quiescently at room temperature. This sound may
have been caused by the relief of internal stresses
related to the differential thermal contraction of

the randomly oriented grains. In any event, the
dislocation density remained at =10' cm 2.

The change in electrical resistivity caused by
10' dislocations/cm' was too small to be detected"
and so could not be used as a check on the etch-pit
count. It was observed that, within the scatter of
the data, bending an annealed plate did not change

From the radius of curvature of the bend, a
dislocation density of 3&10' cm ' would be ex-
pected ' as a lower limit. This is consistent with
an etch-pit count of =10' cm 2 both before and af-
ter bending.
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FIG. 2. Total thermal conductivity )t:, divided by
temperature T, for two CuAl samples. x, cold rolled
plate, as received; G, annealed plate. The horizontal
line is the electronic contribution for both samples as
deduced from measurements of the electrical resistivity
using the Wiedemann-Franz lair. As emphasized in the
text, correction for a suggested error in the He vapor
pressure temperature scale could lovrer all the data on
this figure by as much as = 0.8%.

III. EXPERIMENTAL RESULTS AND PROBLEMS

Thermal-conductivity measurements were made
on 11 samples of CuAl, four samples of CuZn, and
two samples of CuNi. Only the CuAl data will be
discussed explicitly. The CuZn was difficult to
anneal, even when shielded, without loss of Zn

from the Cu matrix. The CuNi was avoided be-
cause of the possibility that magnetic effects might
obscure interpretation of the low temperature data.
There was no significant difference between the
thermal conductivity data for the CuZn and CuNi
when compared with that for the CuAl. '8

A portion of the CuAl data are presented in Fig.
2 in the form rc/T vs T. Assuming the validity
of the Wiedemann-Franz law at these low tempera-
tures permits one to obtain the lattice component
of the total thermal conductivity, I(; =v-LTp, ',
where L is the Lorenz number (2.445x10 ' WQ/A )

and po is the residual electrical resistivity. There
is, however, a problem associated with this pro-
cedure. The term LTp, ' is theoretical and per-
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FIG. 3. Total thermal conductivity K divided by T for
two annelaed CuA1 samples. 0, present data; 0, data
from Ref. 11. The solid line represents the electronic
contribution to K//T for both samples.

tains to the absolute temperature. The data on the
other hand are obtained using a temperature scale
based on the vapor pressure of liquid helium (T„),
and this scale may be =0.4% in error relative to
the absolute scale. ' A correction of this magni-
tude would lower all the data of Fig. 2 by =0.8%.
But then the data points at T & 1 K for the highly
strained, as received sample would straddle the
horizontal line representing L/po. In brief, within
the accuracy of the temperature scale, the thermal
conductivities of the as received samples at T ~0.6
K may be due entirely to electrons in which case a

could not be extracted. (For T &0.1 K there
does seem to be a slight rise in z/T above the
value L/po by = 1%.) As no correction to T,B has
been universally adopted, we will continue to use
T~ and will comment on any influence such a cor-
rection would have on our interpretation of the
data.

In none of our data (including that for CuNi or
CuZn) did we observe the unusual temperature
dependence of ~ reported in Refs. 11, 12, and 16
and discussed in Sec. I. This is demonstrated in
Fig. 3. Thus it may be concluded that such be-
havior is not intrinsic to these alloys.

Subtraction of the electronic contribution from z
gives the lattice component z shown in Fig. 4 for
several CuAl samples. The effect of correcting
T~ would be to increase the temperature depend-
ence at the smallest values of ~, . Also shown is
the range of values of v reported" ' "' for
various well annealed CuAl (or CuNi) alloys at
T a2 K. The ~ of both heavily deformed and an-
nealed Cu-10-at. % -Al samples of Ref. 11 are
shown by the dotted lines. Rather good agreement
exists between the two laboratories at T ~1 K.

The phonon mean free path l in the dominant
phonon approximation could be extracted from the
data by use of
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FIG. 4. Lattice thermal conductivity ~~ of several
CuAl samples. V, cold rolled plate; 0, annealed plate;
CI, annealed and bent plate; +, b, , annealed rods (results
from other annealed rods fell between these two sets of
data). The dotted curves represent data above = 1 K
from Ref. 11 for an annealed sample and a deformed
sample. The shaded area represents a composite of
several measurements taken from the literature. The
solid curve is a calculated K~ assuming the phonons are
scattered only by electrons.

z =0.572lT

in units of W/cm K. But we are primarily inter-
ested in the effect of dislocations on l. Therefore
we take the difference in the experimental thermal
resistivities v of two samples to find the increas&
in resistivity associated with the greater number
of dislocations in one of the samples. This to a
large extent avoids the problem associated with
determining the magnitude of other scattering
sources such as the conduction electrons. From
Eq. (1) we thus obtain the phonon mean free path
which would exist if only the additional disloca-
tions were present to scatter phonons, and this
result is plotted in Fig. 5. The difference in dis-
location densities is, in each case, =10' cm '
within a factor of 2. Although the slope of each
curve is rather uncertain at the higher tempera-
tures, it appears there is a minimum in l near
1.0 K at a magnitude of i=10 ' cm.

The data for the annealed rods of Fig. 4 can now
be corrected for phonon scattering by the residual
density of dislocations. Assuming that l varies
inversely with the density of dislocations, a value
of l =0.3 cm at 0.1 K is obtained from Fig. 5 for a
measured dislocation density of =2&&10' cm . The
correction is=17%o at 0.1 K, and is smaller at
higher temperatures. Hence the data for these
samples represent to a good approximation the
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FIG. 5. Phonon mean free path l associated with a
dislocation density of = 10 cm . The points do not
represent experimental data. & C), three independent
determinations using six samples. 0 A +, three deter-
minations involving the same sample to emphasize the

scatter present in the data.

lattice thermal conductivity when phonons are
scattered onl'Y by electrons.

IV. DISCUSSION

A. Electron-phonon interaction

The lattice thermal conductivity as limited by
electron scattering of phonons should vary as T'
at high temperatures and as T at sufficiently low
temperatures. "'"'" The expected behavior (from
Ref. 33), for CuA1 alloys assuming a spherical
Fermi surface is shown by the solid curve in Fig.
4. Recalling that the data for the annealed rods
should be corrected upwards by ~17% at T &0.1 K
to account for the residual dislocations, we note
that the theoretical curve lies low by only =20%
and has the correct temperature dependence
throughout the range of measurements. (A cor
rection for T„, if applicable, would partially can-
c~I the effect of removing the scattering caused by
the residual dislocations. )

Occasionally ~ T is ylotted versus alloy com-
position to expose the dependence of z on electron
concentration. ' ' Instead of v varying smoothly
with composition, a cusplike behavior is usually
obtained near the value representing the yure host
metal. We cannot contribute to this question ex-
cept to note that alloy data for T ~1 K are not ap-
yroyriate for the analysis since ~ does not vary
as T'. It should also be noted that the typical plot
of x/T vs T for annealed alloys should not extra-
polate to L/p, (even if the temperature scale is
corrected) for data obtained at T el K since x
varies as T",&&2. At sufficiently low tempera-
tures this should also be true for deformed sam-
ples since the cross section for phonon scattering

by dislocations is expected to decrease (see Sec.
IV D).

B. Dislocation-phonon interaction: Static

The theory of the scattering of phonons by the
static strain fields of dislocations was treated by
Klemens" and more recently and in greater de-
tail by Kogure and Hiki. " The original scattering
cross section obtained by Klemens was increased"
somewhat arbitrarily by a factor of 15, and it is
the adjusted value which is usually cited in the
literature. ' We will adopt as a theoretical value
for copper alloys

v =3&10 T + (2)

(3)

Indeed l of Fig. 5 below 1 K varies roughly as T '.
However to explain these data in terms of static
strain field scattering would require, from Eq (3), .
a dislocation density of &=10"cm ' as compared
to a measured density (difference) of =10' cm 2.

Even if Ackerman's value mere adopted, the dis-
crepancy would still be a factor of =10'. Thus the
data of Fig. 5 would appear not to be associated
with static strain field scattering.

The Kg for the as rec eived, highly strained sam
pie of Fig. 4 is sufficiently small that electron
scattering of phonons is negligible. Only dislo-
cations scatter the phonons. The data follow
roughly a T behavior. A dislocation density of
&=6x10 cm would be required to bring agree-
ment between the data and Eq. (2), or N=6xlo"
cm 2 to give agreement with Ackerman's result.
We will return to a discussion of the highly de-
formed samples in Sec. IVD, as it is possible that
another mechanism is contributing to the scatter-
lIlg.

in units of W/cm K, where N is the dislocation
density. This lies within afactor of 2 of Klemens's
original derivation adjusted by the factor of 4 as
argued by Ackerman. " It is also within a factor of
2 of the Kogure-Hiki result quoted for Cu when it
is recognized that fast thermalization of phonons
by conduction electrons should allow the shortest
I (of the three phonon modes) to dominate x .
Equation (2) gives for x a magnitude which is a
factor of 10 larger than presented by Ackerman. "
The Ackerman result, although apparently consis-
tent with theory, reflects a continuing attempt to
match calculations with experimental data at higher
temperatures. "

A mean free path related to phonon scattering
by static strain fields can be obtained from Eq. (2).
In units of cm,
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l = 3x105T ~/& (4)

in units of cm, where T is the temperature for
which / is a minimum. If the dislocations have a
statistical (exponential) distribution of vibrating
loop lengths and resonant frequencies,

For our samples Eqs. (4) and (5) would give N=3
X10' cm for a single resonant frequency, or
~= 10' cm for an exponential distribution. These
are to be compared to a measured density of
/)=108 cm 2.

Fox' an exponential distribution, the average
dislocation loop length would be =100 A for a reso-
nance near 1 K. It seems unlikely that an exponen-
tial distribution could exist with an average length this
small, and so the resonant frequencies may be
peaked around a value of =10"Hz. Acoustic mea-
surements are often indicative of a much larger
average loop length, ' =10 cm. In the present
case, however, the dislocations undergo the small-
est possible vibrational amplitude since they are
in thermal equilibrium with the lattice at T=1 K.
Hence the dislocation motion would be dominated
by the weakest of lattice potentials and pinning
polllts.

The width of the resonance in Fig. 5 is much
broader than observed previously in superconduct-
ing metals, "although as already noted the reso-
nant frequencies are very similar. It is known
from previous work that the apparent width in
$ccg T is influenced by processes which ther-

C. Dislocation-phonon interaction: Dynamic

As discussed in Sec. I, a resonant interaction
may occur between thermal phonons and a local-
ized phonon or excitation associated with a dis-
location. This interaction can be a factor of 102-
10' stronger than for the static strain field, de-
pending on the temperature (phonon-frequency)
range in which the resonance falls. From Fig. 5,
it appears that a resonant intexaction occurs in
CuAl near 1 K (=10"Hz) and that at the resonance
a dislocation density of 10' cm ' produces a pho-
non mean free path of =10 ' cm. This resonant
frequency and the scattering cross section are
similar to those observed in several pure metals
(Sec. 1).

A number of models of dislocation excitations
have been proposed. That which has been dis-
cussed most widely in the litexature is the elastic
string model of Qranato and Lucke. 39 From this
model a phonon mean free path can be deduced for
the CuAl alloy. ' If all the dislocation resonances
fall at the same frequency, the mean free path at
x esonance is"

malize the phonons, processes such as phonon
scattering from damaged surfaces of samples or
phonon scattering by electrons. ~'4' Thus, phonons
"outside" the resonance experience an effective,
reduced mean free path. In a sense the electrons
play the role of the N-processes encountered at
much higher temperatures.

In brief, the string model seems capable of ex-
plalDHlg the data of Flg. 5 1f sufflclent thermall-
zation of the phonons occurs.

Other models have been proposed. KronmQller
has suggested an excitation involving the relative
oscillations of the partials formed by a dissociated
dislocation. For Pure Cu, Kronmuller predicts a
frequency of 0.3~10"Hz, and the frequency would
be lower for a CuAl alloy. This is to be com-
pared with our observed value of =10"Hz. The
dislocation might oscillate within a valley of the
undulating lattice (Peierls) potential or undergo a
quantum-mechanical tunneling motion, ' but there
are not as yet good theoretical models of these
mechanisms with which to compare the data.

It is possible that a solute atmosphere influences
a dislocation resonance. From the px'esent data
we note that the apparent resonance is qualitatively
independent of whether a medium dislocation den-
sity has been obtained by annealing a highly strained
sample or by deforming a highly annealed sample.
In the latter case the sample was at times cooled
immediately (= 1 h) to low temperatures after
bending. Hence either the Al diffuses very rapidly
at room temperature, or enhanced solute atmos-
pheres do not form around dislocations in CuA1.
It has been suggested that rapid diffusion of Al in
Cu can occur at room temperature aftex deforma-
tion. " A definitive test would require deforming the
sample at low temperature. (See note added in proof. )

Kusunoki and Suzuki' report evidence from mea-
surements above 1.6 K for a dislocation resonance
in Cu plus 15-at. % Al. If we apply the same treat-
ment to their data as used in the present paper, a
set of curves similar to Fig. 5 is obtained. The
resonance (minimum in l) falls near 2.5-3.0 K, or
(2.5-3.0)x10"Hz, for dislocation density differ-
ences ranging from 3.6x10 cm to 5.8x10'o cm 2.

These densities were deduced by Kuzunoki and
Suzuki from the measured deformation. All the
data are consistent with l&=10 near the minimum,
which agrees with the value obtained from Fig. 5.
Thus one would be inclined to conclude that the
resonant frequency is simply increased with the
larger Al concentration, or possibly that the ap-
parent difference in frequency only reflects the
difficulty in making the measurements. 4~ It may
be noted that it becomes increasingly difficult to
identify a resonance as the temperature is in-
creased since the scattering due to static strain
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fields increases with T while the cross section for
dynamic scattering (at the resonance) decreases
with increasing T. Indeed other laboratories fail
to observe a resonance near 3 K in CuAl samples
of similar composition, ' '" although the measured
temyerature dependence of z is often "some-
what faster than T . That is, independent of sam-
ple history, a plot of l vs T decreases monotoni-
cally with increasing T contrary to the resonant-
like behavior reported by Kusunoki and Suzuki.
The several laboratories do agree that there is a
change in slope of ~, vs T near 2-3 K as mentioned
in Sec. I.

It is of interest to compare the results of Fig. 5

with the work of Bevk, ' even though the measure-
ments were made above 1.5 K. Bevk reported a
2% increase in the specific heat of pure Cu with
severe deformation. Interpreting this in terms of
the string model gave the correct dislocation den-
sity and an upper limit on the average resonant fre-
quency of s10" Hz. (Essentially the same con-
clusion would be obtained for either a single reso-
nant frequency or an exponential distribution. ) If
the change in specific heat is indeed related to dis-
location excitations, only the string model would

appear to fit the data. Osicllations in a Peierls
potential, tunneling, etc. , would produce Einstein
or Schottky anomalies in the specific heat. These
conclusions for pure Cu may not, however, ex-
trapolate to CuAl alloys. '

D. Dislocation-phonon interaction: Large dislocation density

The character of the scattering of phonons by
the static strain fields of dislocations is expected
to change when the phonon wavelength becomes
large compared to the average separation between
dislocations, =+ '~'. The temperature dependence
of z should deviate from T, with the result that

v, becomes relatively larger (less scattering) at
T & T~, where" "

%e can test for this behavior using the data of Fig.
2. The data for the as received sample break from
a straight line on the z/T-vs-T plot and rise toward
the value of ~/T limited by electron scattering at
0.1-0.2 K. It is not certain that this break is real,
but it is certain that there are no breaks at higher
temperatures. From Eq. (6) this fact would give
&~10' cm . All estimates of dislocation densities
in severly cold worked Cu alloys have been near
10u 10&2 cm-2 Thus either the reduction in pho-
non scattering below T~ does not occur, or some
other mechanism is scattering the phonons and
hence obscuring the expected behavior. " A candi-
date for the other mechanism is, of course, reso-
nant scattering near =1 K.

The change in temperature dependence that
should occur near T~ might account for the "kink"
or change in slope of x/T vs T often reported
near 2-3 K (Sec. I)." An average and reasonable
dislocation density of &=10 cm would place the
kink near 3 K as observed. The kink should move
to lower temperatures as @decreases, but this
seems not to be observed and in fact would be
obscured by the similar temperature dependence
of the scattering by electrons which would then
begin to dominate a . Explanation of the kink in
terms of T~ would still require an additional scat-
tering mechanism, such as resonant dislocation
scattering, to maintain ~ small below T~ as ob-
served in Fig. 2.

%e therefore reach an impasse in interpreting
data from the highly strained samples at T s1 K.
The data are consistent with the static strain field
scattering being reduced below T~ =3 K plus addi-
tional resonant scattering from dislocations near
1 K. But the situation is sufficiently complex"
that no definitive analysis appears possible.

E. Dislocation-electron interaction

Conduction electrons are believed to damp or
hinder the motion of dislocations. ~' Hence the
resonant motion of a dislocation should be more
highly damped in a metal than in a dielectric or
superconductor where the damping at low tempera-
tures is entirely by phonon radiation. Increasing
the damping increases l near the minimum in the
resonance and broadens the resonance as observed
in /. Increasing the damping in the calculation a
sufficient amount to fit the breadth of the curves
in Fig. 5 would require not only a damping due to
electrons orders of magnitude larger than deduced
from other types of measurements, but would re-
quire a dislocation density (difference) much larger
than observed from etch-pit counts. Thus the
breadth of the resonance is probably related to the
thermalizing effect provided by the conduction
electrons as discussed in Sec. IVC. The scattering
cross section or stxength of the resonant disloca-
tion-phonon interaction is then consistent with the
value deduced from radiation damping [Eqs. (4)
and (5)] indicating that at low temperatures the
electron damping is of the order of or smaller than
xadiation damping at 10"Hz as would be deduced
from other measurements. "

V. SUMMARY

The anomalous behavior of the lattice thermal
conductivity of CuAl, CuZn, and CuNi alloys re-
ported in the literature has been shown not to be
intrinsic to these materials. The scattering of
thermal phonons by conduction electrons in CuAl
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at T(1 K is in good agreement with theory. In

CuAl, a resonant interaction appears to exist be-
tween thermal phonons and dislocations. The
resonant frequency is =10' Hz. In highly strained
samples no conclusion can be reached as to the
origin or origins of the phonon scattering below
=1 K. One major problem is the uncertainty in the

T„ temperature scale presently in use.
Note added in proof Th.e rapid formation of a

solute atmosphere has been demonstrated by

P. Charsley and M. H. S. Hahim IPhys. Status
Solidi A 34, 533 (1976)].
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