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Anisotropic Heat Conduction in Diacetylenes

D. T. Morelli and J. Heremans
Physics Department, Genera/ Motors Research Laboratories, Warren, Michigan 48090

M. Sakamoto
Center for Materials Science and Engineering, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02I39

C. Uher
Physics Department, University ofMichigan, Ann Arbor, Michigan 48109

{Received 21 February 1986)

%e report measurements of the low-temperature thermal conductivity of diacetylene single crys-
tals. Monomer samples sho~ little anisotropy and display the temperature dependence of a crystal-
line dielectric. In polymerized samples, heat is conducted up to 60 times better parallel to the
chains than perpendicular to them. Dislocations can account for this anisotropy at the lowest tem-
peratures. Quasi one dimensionality of the polymer crystals induces anisotropy at higher tempera-
tures and strongly suppresses anharmonic phonon interactions.

PACS numbers: 61.41.+e, 63.90.+t, 66.70.+f

Much interest has recently been generated by conju-
gated polymers as one-dimensional conductors. Diace-
tylenes are particularly interesting because they are the
only conjugated polymers to form nearly perfect single
crystals. Very little is known, however, about the
thermal transport properties of these systems in either
their monomer or polymer forms. The only reported
measurements of the thermal conductivity of diace-
tylenes are those of Wybourne and co-workers' 3 on
polymer his(p toluene sulfonate) of 2,4 hexadiyne-
1,6-diol (PTS) and polymer 1,6-di-(N-carbazoyl)-2, 4-
hexadiyne-1, 6-diol (PDCH) in the polymer chain
direction.

We report measurements of the thermal conductivi-
ty of monomer (TS) and polymer (PTS) diacetylene,
both in the chain direction and perpendicular to the
chains, from 2 K up to at least 30 K. The results not
only yield important information on the nature of de-
fects in this material, but also raise fundamental ques-
tions regarding the thermal conductivity of low-
dimensional dielectric systems.

TS was synthesized and crystallized by use of the
method described by Wegner. 4 The resulting crystals
were of the characteristic diamond shape and pink in
color. Polymerization was achieved by annealing the
samples for 72 h in an argon atmosphere at 65 'C. The
thermal conductivity of six different samples was mea-
sured by a four-probe steady-state technique in a
standard 4He cryostat. Heat losses set the high-
temperature limit of our measurement range. We esti-
mate the relative uncertainty in our data as 5%; as a
result of nonuniform cross section, the absolute uncer-
tainty in the reported values is as much as 20%.

Figure 1 shows the thermal conductivity K of both
TS (measured here for the first time) and PTS from 2
K to at least 30 K, and in some cases as high as 80 K.
For comparison, the results of Wybourne and co-
workers' 3 are indicated by a dashed line. We point
out a number of interesting features: First, the mono-
mer crystals show a typically dielectric behavior, with a
maximum in K( T) around 10-12 K. Below the peak,
K(T) decreases as T" with n &1, while above it
K(T) —T '. The magnitudes of K(A parallel and
perpendicular to the "chain" direction (i.e., the direc-
tion in which chains would form upon polymerization)
are within a factor of 2. This seems to indicate that TS
can be considered, for the most part, an isotropic
three-dimensional crystalline dielectric material. In
comparison, the thermal conductivity of the polymer-
ized samples is quite different in both magnitude and
temperature dependence. In the chain direction (sam-
ple Pl), K( T) exhibits a broad maximum from 10-20
K. Across the chains (samples P2 and P3) K( f) flat-
tens above 10 K. While this behavior appears glass-
like, x-ray topographic studies5 and a cubic tempera-
ture dependence of the specific heat below 10 K indi-
cate that these diacetylenes are in fact crystalline. In-
terestingly, heat conduction across the carbon chains is
a factor of 30-60 times less than conduction in the
chain direction. Thus, polymerization of TS changes
not only the temperature dependence of K( T) but its
anisotropy as well: The conductivity perpendicular to
the chains decreases, while that parallel to them in-
creases. The latter behavior is a curiosity. The dashed
line labeled "J " in Fig. 1 represents the data reported
in Ref. 3 for PTS perpendicular to the chains. They
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FIG. 1. Thermal conductivity of several monomer and
polymer diacetylene single crystals. Ml, monomer, I I chain;
M2 and M3, monomer, 3 chain; Pl, polymer, II chain; P2
and P3, polymer, i chain. Each measurement was made on
a different sample. The solid lines are the calculated thermal
conductivity; the dashed lines represent results previously
reported (Refs. 1-3) for heat conduction parallel and per-
pendicular to the chain axis.

contradict ours, though microscopy analysis of our
samples shows a defect density similar to that of the
type of samples used by Wybourne and co-workers. ' 3

While the anisotropy ratio we report here has been re-
cently confirmed independently, 7 we note that the
value in Ref. 3 for PTS, which has a ratio of elastic
constants C22i'Ctt of 8, is actually lower than that for
hexagonal selenium, s where the thermal conductivity
parallel to the c axis is 5-10 times larger than perpen-
dicular to it over the entire umklapp regime, although
the ratio of elastic constants is only C33i'Ct t

=4.3.
On the basis of their data, Wybourne and co-

workers'2 modeled the rather anomalous thermal con-
ductivity of PTS by a scattering of acoustical phonons
(responsible for carrying the heat) by low-energy opti-
cal phonons associated with vibrations of the massive
side groups dangling from the carbon chains. If this
model were to be relevant, the thermal conductivity of
the monomer and polymer forms should be at least

qualitatively similar since, upon polymerization, the
side chains are left virtually unaffected. The data of
Fig. 1, however, seem to indicate that this is not the
case. An acoustic-optic phonon coupling model can
neither fit the observed monomer data nor account for
the larger ( —10 times) increase in conduction along
the chain direction upon polymerization. While we
cannot explicitly rule out the possible existence of
acoustic-optic phonon scattering in this material, we
believe, in view of our data, that the defect nature and
the known phonon spectrum of the monomer and po-
lymer can account for the observed results.

Numerous studies have shown that while both TS
and PTS show a regular crystalline order, they also
possess a prominent dislocation structure which, in
fact, is thought to play an important role in the poly-
merization process. Dudley er al shave. shown that TS
contains both edge and screw dislocations distributed
essentially isotropically throughout the crystal, but did
not indicate the density of these dislocations. They
suggest that the defect structure of the polymer is
identical to that of the monomer, being in a sense
"frozen in" during polymerization. Young, Read, and
Petermann, 9 however, using transmission electron mi-
croscopy (TEM), found that in polymer samples stack-
ing faults with spacing on the order of 1 p. m are
formed parallel to the chain direction. Young and
Petermann, '0 also using TEM, estimated the disloca-
tion density in a PTS crystal at & 10'3 m 2. This is
about 2 orders of magnitude higher than dislocation
densities in other dielectric systems whose thermal
conductivity has been shown to be limited by disloca-
tion scattering. " '3 We thus believe that phonon-
dislocation scattering is one of the two ingredients in
the understanding of our data.

Second, both TS and PTS possess anomalously an-
isotropic phonon spectra. Because the interchain spac-
ing is about 3 times greater than the interatomic spac-
ing along the chain, the Brillouin zone extends a factor
of 3 further out in k space in the chain direction com-
pared with perpendicular to the chains. This is charac-
teristic of both TS and PTS. In the latter, however, an
additional anisotropy arises from anisotropic phonon
velocities: Longitudinal phonons propagate along the
chain about 6.5 times faster than perpendicular to it. '4

As a result, the anisotropy of the cutoff frequencies of
phonons, which depend on the product of the
Brillouin-zone-edge wave vector and the phonon ve-
locity, can be as high as a factor of 20 in PTS; in TS
the maximum anisotropy is on the order of 5. Physi-
cally, this means that at temperatures belo~ the lo~er
cutoff frequency the system is essentially three dimen-
sional while between the lower and upper cutoff fre-
quencies it acts quasi one dimensional. In fact, heat-
capacity (C) studies6 on both TS and PTS indicate that
below 10 K C —T3, but above about 50 K C is linear

870



VoLUmF 57, NUmmR 7 PHYSICAL REVIEW LETTERS 18 AUGUsr 1986

in temperature, characteristic of a one-dimensional
system. From heat-capacity studies, the cutoffs, in
temperature, occur roughly at 83D- 50 K and
8iD=2400 K. The thermal conductivity of a one-
dimensional phonon system is expected to differ from
that of a three-dimensional system in two major ways:
(1) There will be no umklapp processes, nor indeed
any anharmonic processes at all, ' because if there is
any dispersion whatsoever in the phonon spectrum,
conservation of energy and momentum cannot be
simultaneously achieved. This condition implies a
high-temperature thermal conductivity independent of
temperature. (2) Because in one dimension the pho-
non density of states depends on velocity as g —v

(as opposed to a v dependence in three dimen-
sions), the thermal conductivity E = Cv2r (v is the
scattering time) is proportional to v, rather than in-
versely proportional to v as in the ordinary case. This
implies that the faster modes carry most of the heat in
a one-dimensional material. Thus in the one-
dimensional regime the thermal conductivity of a poly-
mer can be highly anisotropic because of the anisotro-

py in the longitudinal (fast) modes, whereas in the
monomer the conduction of heat would be much more
isotropic. These one-dimensional effects disappear ex-
ponentially below 83n but are important for tempera-
tures above about SO K in PTS.

In the low-temperature regime, where most of our
data are reported, we shall assume an isotropic three-
dimensional Debye spectrum and a relaxation-time ap-
proximation. We follow the treatment of Herman'6 for
imperfect crystals, allowing for scattering of phonons
by boundaries, umklapp processes, and dislocations.
While boundary scattering is important below 1 K,
where it leads to a cubic temperature dependence of
the conductivity, it will in fact play little role at higher
temperatures in comparison to scattering by the other
two processes. In TS, dislocations are distributed iso-
tropically so that the dislocation scattering rate will
take the same form for all three samples. If scattering
from dislocation strain fields dominates, then'6

1 o AiQJ

for all TS samples. In PTS, many of the dislocations
become preferentially aligned parallel to the chain
direction upon polymerization, forming stacking faults
which are capable of scattering phonons propagating
perpendicular to the carbon chains. Klemens'7 has
analyzed this type of process and finds

rD '(PTS, l. ) —A2cv2.

A finite number of dislocations with lines perpendicu-
lar to the chain remain in PTS and will scatter phonons
propagating along the chain. It has been suggested'0
that, as a result of the extreme elastic anisotropy of
PTS, the cores of these dislocations may extend over

as many as thirty lattice spacings. Thus for conduction
along the chain it is necessary to include core as well as
strain-field scattering:

rD '(PTS, i i) —A3o)+ A4o)'.

Using these forms of the dislocation scattering rates
together with an umklapp scattering rate
= uexp( —8/2T)„we fitted all our data using the
phonon-dislocation (A, ) and phonon-phonon (u) cou-
pling constants as adjustable parameters, with 8 in the
range 35-140 K. The fits are indicated by solid lines
in Fig. 1 and are of quite good quality for all samples.
What remains to be discussed is whether the values of
the parameters used in the fits are in reasonable agree-
ment with what is expected.

For samples P2 and P3 the stacking-fault scattering
rate yields stacking-fault spacings of 2.5 and 0.5 p, m,
respectively. This is consistent with TEM observations
which indicate that stacking faults are aligned parallel
to the chains with average separation —1 p, m. 9 This
stacking-fault spacing is greater than the maximum
dominant phonon wavelength (approximately 1300 A

for longitudinal phonons in the polymer at 2 K), indi-
cating that they indeed appear to incident phonons as
large-scale defects. For the other four samples we cal-
culate [using Eq. (3.3) in Ref. 16) apparent dislocation
densities ND of 39X10'9 3.1&&10'9, and 1.4X10'9
m 2 for samples Ml, M2, and M3, respectively, and
2X10'7 m 2 for Pl. There have been no independent
determinations of dislocation densities in TS; for PTS,
TEM experiments'0 estimate ND = 10'3 m 2. Thus
our value is about 10" higher. Such a large discrepancy
between dislocation densities calculated from ther-
mal-conductivity data and observed densities is not
unusual for dielectric systems. " '3 A number of con-
siderations must be made which, acting independently
or in unison, can account for the difference: (1) TEM
studies can identify only those dislocations emerging
from the faces of the crystal. Dislocations which begin
and end away from any sample surface, which may be
significant in number, will go undetected by TEM ob-
servations. (2) Dislocations may not be distributed
uniformly but rather may be associated. Dudley et al.5

have in fact reported observations of "bundling" of
dislocations in this system. The result here is that the
effective Burgers vector 8 of an associated dislocation
may be substantially larger than one lattice spacing.
This will be particularly important since the scattering
rate goes as 82. (3) A significant number of disloca-
tions in both TS and PTS may be glissile. ' The
scattering of lattice waves by mobile dislocations has
been shown's to be significantly stronger than that for
static dislocations. However, for such processes a T3 5

law is expected and this is not consistent with our data.
In light of these considerations we believe that the ob-
served strength of dislocation scattering is not in
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disagreement with what should be expected for this
material.

A rather fundamental result is the fact that umklapp
scattering is 2 orders of magnitude weaker in PTS than
in TS. We think that the reason for this lies in the
one-dimensional nature of the polymer around 50 K
which, as discussed previously, prohibits anharmonic
phonon interactions. '

In conclusion, we have measured the thermal con-
ductivity of monomer and polymer diacetylene, both
perpendicular and parallel to the chain axis, from 2 K
to at least 30 K. Whereas heat conduction in mono-
mer samples is practically isotropic, K( T) parallel to
the chain direction in the polymer is about 30-60
times greater than that perpendicular to the backbone.
The results can be understood by a model in which
phonons are scattered by dislocations which are distri-
buted isotropically in the monomer but become pre-
ferentially aligned along the chain direction upon poly-
merization, forming stacking faults of spacing on the
order of a micron. The dislocation densities in the po-
lymer calculated from our thermal conductivity curves
are about 104 times higher than those determined by
TEM studies. This indicates that the dislocations may
be associated and/or partially mobile in either (or
both) the monomer or polymer. Umklapp processes
are strongly attenuated in PTS, and this is ascribed to
the one-dimensional nature of these solids.
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