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Coherent neutron scattering is used to make a dynamical study of the disubstituted and fully deuterat-
ed diacetylene 2,4-hexadiynylene bis(p-toluenesulfonate) (pTS-D) in the monocrystalline monomer state.
The aim of this study is to make a comparison with the dynamics of the same monocrystal in the poly-
mer state [Phys. Rev. B 49, 11602 (1994)]. The mechanism leading to the incommensurate phase of
pTS-D monomer is also discussed. The experimental study shows an overdamped soft mode above T;.
Its evolutions as a function of temperature and its dispersion are described. A central peak related to the
presence of defects is also observed. The soft mode presents roughly the same mean-field behavior for
PTS-D monomer and pTS-D polymer. pTS-D mixed monomer-polymer crystals are then probably very
good prototypes for the study of the influence of pure random field on a structural phase transition.

I. INTRODUCTION

Some disubstituted diacetylene compounds
(R—C=C—C=C—R', R=R’' or RF#R’) present a
unique property: they undergo topochemically controlled
solid state polymerization in crystalline state.! Among
them, the most investigated compound is the symmetri-
cal disubstituted diacetylene 2,4-hexadiynylene
bis(p-toluenesulfonate): it corresponds to R =R’ =CHj;-
C¢H,4—S0,-0-CH, (referred to as pTS-H hereafter). In
order to perform neutron scattering experiments, we had
to make large-size monocrystals of fully deuterated
pTS-D.? Large-size monocrystals of pTS-H and pTS-D
monomers can be converted into single crystals of pTS-H
and pTS-D polymers by exposure to radiation (visible,
UV, x, ) or by thermal annealing. In this last case
mixed monomer-polymer crystals of any polymer content
can be obtained in a controlled manner. The polymer
chains extend along the b axis in the monoclinic structure
of pTS (P2,/c). They are produced homogeneously in
the monomer matrix. In other words, in monocrystals
with a very low polymer content, polymer chains are dis-
tributed at random. These first polymer chains contain
around 20 monomer units.>

The second interesting property of pTS is that structur-
al phase transitions occur both in the monomer and poly-
mer crystals. pTS monomer and polymer are isomor-
phous at room temperature.*”® The transitions are asso-
ciated with librational motions of the polar side groups,
yielding a doubling of the unit cell along the a crystallo-
graphic axis and two inequivalent sites for each structural
unit. pTS monomer and polymer are isomorphous also at
low temperature.

In the case of a pTS-H monomer, an intermediate in-
commensurate phase was discovered.’> The modulation
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extends along the b axis. This modulated phase is ob-
served in pTS-H up to 10% of polymer content.’® The
structural instabilities of pTS-H monomer have also been
studied by neutron diffraction,'"!? differential scanning
calorimetry,'>!* and dielectric measurements.'> The dy-
namics of the phase transitions of pTS monomer has not
been so accurately described. A Raman study performed
on a pTS monomer crystal indicated the existence of a
soft mode over a large temperature range from 9 K to
T;. 16 The authors, however, pointed out that the clearly
displacive regime observed was in disagreement with the
study of thermal motions analyzed by x-ray diffraction,’
which merely shows an intermediate regime between
order-disorder and displacive. The contradiction also ap-
peared in the preliminary results of neutron inelastic
scattering experiments.!! On the other hand, the pretran-
sitional dynamics in pTS-D polymer has been described:?
a soft mode is observed above and below T, by neutron
and Raman scattering. The soft mode becomes over-
damped at T=T_,+50 K (T,=182 K). In addition, the
growth of a central peak is clearly observed above T,.
This central peak is attributed to defects, probably relat-
ed to incomplete polymerization.

The aim of this work was first to make a comparison
between the pretransitional dynamics of pTS-D polymer
and pTS-D monomer, second, to try to give some infor-
mations about the origin of incommensurability, and
third, to determine physical quantities (dispersions,
etc. . .) for the study of the incommensurate phase.!” We
must also point out that to know this information is in-
teresting for the study of mixed monomer-polymer crys-
tals which is now in progress.

Preliminary results were presented in Ref. 18. In this
work experimental methods are described in Sec. II. In
Sec. III the behavior of the soft mode as a function of
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temperature is presented. In Sec. IV dispersion curves
are studied. The last section is devoted to the discussion.

II. EXPERIMENTAL DETAILS

A. Crystal growth

We used a large-size single crystal of fully deuterated
PTS-D for the inelastic coherent neutron scattering ex-
periment. pTS-D was synthesized and purified according
to Ref. 2. The 0.5 cm® sample was grown by a slow eva-
poration (7 days at +4°C) of an acetone solution. It was
already darker red than the color of much smaller size
monocrystals which appear rather pink after a faster
growth. We think that this fact may explain the small
polymer content measured during our neutron scattering
experiments: X =1.5+0.5%. The short exposition of the
sample (a few hours) to room temperature before each ex-
periment did not produce any significant polymerization.
Indeed no reduction of b parameter was observed. The
sample was kept 18 days at —18°C and 10 h at 25°C be-
fore the first experiment, 104 days at —18°C and 18 h at
25 °C before the second experiment. The b parameter was
measured in both cases as a function of temperature [Fig.
1(a)] giving the same polymer content. Indeed the b pa-
rameter evolution as a function of polymer content is
known to be very steep for X <75%.>!° It is in good
agreement with the study of isothermal polymerization
kinetics for PTS-H as a function of temperature,’° which
shows a very slow polymerization at T <50°C. Neutron
by themselves do not induce polymerization but it is
known that ¥ rays can induce the polymerization of
diacetylenes. In our case no interaction of the sample
with the neutron flux was observed. Indeed this result is
confirmed in Ref. 21 where no evolution of polymer con-
tent through the monitoring of the b value was measured.
The initial polymer content (X =1.51+0.5%) is deter-
mined by comparison of the b value in our pTS-D sample
at T =280 K (b=5.157 A) to the b value given by Ref.
11 at T =280 K in pTS-D powder where it was measured
as a function of polymer content X. It should be noted
that it is much easier to obtain a small X value for
powder than for monocrystals grown in solution.?

B. Neutron scattering

Inelastic neutron scattering has been performed on a
three-axis spectrometer 4F1 using a cold-neutron source
at the reactor Orphée (Laboratoire Léon Brillouin, Sa-
clay). The incident neutron wave vector was held fixed at
k;=1.4 A~! (E;=4 meV) except for a spectrum at
T =221.6 K, where k;=1.64 A ~!. The width in energy
of the resolution function was 30 GHz for vanadium. A
beryllium filter cooled with liquid nitrogen was used to
remove high-order neutrons from the beam. The sample
was mounted on a Displex close-cycle refrigerator in-
stalled on the sample table and ensuring a temperature
stability less than 0.1 K. The scattering plane was chosen
(a*,b*) because b is the direction of incommensurability
and a is the cell-doubling axis of the low-temperature
phase. The critical wave vector g¢=41a*+6b*, where &
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is the incommensurability parameter (§=~0.06 above
T,=195 K°). Constant Q scans were performed in order
to record inelastic neutron scattering spectra. The
refinements of the neutron data were performed at the
Laboratoire Léon Brillouin with their fitting pro-
cedures.”? The soft mode frequency and damping con-
stants were obtained from a damped harmonic oscillator
function
2
S(Qua)= ol |F(Q)] ,
1—e 8T {02 —w2(q) P+ ?T?)

where w.(q) is the frequency of the mode propagating
with the vector q originating from the critical point of
the reciprocal space Qg¢=qs+G,;. I is the damping
constant and F(Q) the dynamic structure factor. This
scattering function is convoluted by the spectrometer
response function in order to get the measured intensity.

C. Preliminary measurements

Figure 1(a) shows the evolution of the b parameter as a
function of temperature for our pTS-D monomer crystal.
It is then possible to calculate the thermal expansion
coefficient along the b axis: it is equal to 101 X 10~ ¢ KL,
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FIG. 1. (a) Evolution of the b parameter for pTS-D monomer
as a function of temperature. Dashed line represents the evolu-
tion as a function of temperature of the b parameter in a pTS-D
monomer powder.”® (b) Evolution of the b parameter for pTS-D
polymer as a function of temperature.
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The value found in Ref. 11 for pure monomer pTS-D
powder is 114X 107¢ K™!. The slightly smaller value
measured in our crystal confirms the fact that it has a
small polymer content. Figure 1(b) shows the evolution
of the b parameter as a function of temperature for our
crystal but in the fully polymerized state.” No thermal
expansion is detected in agreement with Ref. 11. This is
explained by the substitution of van der Waals bonds by
covalent bonds along the polymerization axis b. Indeed
in our case at T =280 K the b parameter is reduced by
5% between the monomer and the polymer. This very
important reduction does not, however, increase the in-
termolecular contacts between side groups along the b
axis because in pTS-D monomer the packing along b is
determined only by the positions of the diacetylene back
bones.”

The situation is different along the a axis [Fig. 2(a)]. In
this case there is almost no thermal expansion and maybe
even a small negative slope below T;. These results are
similar to ones obtained in Ref. 11 for a pTS-H monomer
crystal. This could be explained by the numerous con-
tacts existing along the a axis between neighboring side
groups and diacetylene back bones.” Figure 2(b) shows
the evolution of the a parameter as a function of tempera-
ture for the same crystal in the fully polymerized state.’
Again an anomaly is detected around the critical temper-
ature. In both cases the anomalous behavior of the a pa-
rameter indicates that steric interactions along the a axis
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FIG. 2. (a) Evolution of the a parameter for pTS-D monomer
as a function of temperature. (b) Evolution of the a parameter
for pTS-D polymer as a function of temperature.
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FIG. 3. Inelastic neutron scattering spectrum of pTS-D
monomer crystal at 7=201 K measured at Q, —0.25a* point
of the reciprocal space [Q=(3.25,0.945,0)]. The acoustic
modes appear narrower on the right side (positive energy
transfer) than on the left side (negative energy transfer).

may play a role in the structural instability.

In the case of a pTS monomer, the critical wave vector
(qg=a*/2+8b*) lies near the zone boundary, but we
must take into account low-frequency acoustic phonons
when studying the dispersion along the a axis. Figure 3
shows an example of the spectra obtained when coming
closer to the zone center Q; —0.25a*. The first contribu-
tion is the overdamped soft mode located around »=0.
The second and third contributions are attributed to two
acoustic phonons originating from the zone center. We
must note that the acoustic modes appear narrower on
the right side (positive energy transfer) than on the left
side. The focusing is a well-known effect of the three-axis
spectrometer resolution function;?® it is taken into ac-
count by the fitting computer program.

III. DYNAMICS IN THE HIGH-TEMPERATURE PHASE:
TEMPERATURE DEPENDENCE

A. Soft mode

Inelastic spectra were recorded at the (2.5; 1+6; 0) or
(3.5; 1£8; 0) point of the reciprocal space. The value of 6
was set to the maximum of the diffuse scattering mea-
sured during the elastic study.”!® Figure 4 shows the
evolution of the inelastic spectra from T =273 K to
T =214 K. No inelastic spectra were recorded at tem-
peratures higher than T'=273 K to prevent polymeriza-
tion to occur during experiment. The counting time for
the spectrum at 7 =273 K is already 16 h. A low-
frequency mode is observed at T =273 K with o, =0.25
THz and I"'=0.38 THz. For temperatures below T =273
K, the soft mode appears overdamped (the damping of
the soft mode I'(q) as a function of ¢ was held constant,
neglecting the g dependence of I'(q) in the neighborhood
of Qg). In this case, when w.(q)<<T, the scattering
cross section of the soft mode is reduced to
S(g,0)=1/7,/(0*+1/72) with 1/7,=w?(q)/T. In oth-
er words, it means that the scattering cross section can be
described by one parameter (1/7,) rather than two pa-
rameters [w.(g),I"]. Some constraints must then be im-
posed in the fitting procedure to avoid a correlation be-
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FIG. 4. Inelastic neutron scattering spectra of pTS-D mono-
mer measured at Qg: (a) T=214 K, (b) T=239 K, (c) T =273
K.

tween w.(q) and I'. One possibility is to fix the dynamic
structure factor F(Q). But this possibility has, in our
case, two drawbacks: first, & is varying as a function of
temperature; second, the spectra were recorded at two
different points making the comparison more difficult.
We used another possibility as for K,S¢0,:>*?° to choose
an intermediate value between the damping constant for
the soft mode above T; and the damping constant for the
amplitude mode below 7; measured by Raman scattering.
In the case of a pTS-D monomer, a similar method is
used. Figure 5 shows the evolution of the soft mode
damping as a function of temperature. It provides a
reasonable estimate between the value for the amplitudon
mode measured by Raman scattering in the incommensu-
rate phase® and the value for the underdamped soft mode
at T=273 K (Fig. 5). In Ref. 18 preliminary neutron
scattering results for the overdamped soft mode were
fitted using the approximate expression
S(q,0)=1/1,/( w*+ 1/1'3 ) but more precise information
(Raman scattering) about the damping was lacking.
Figure 6 shows that the soft mode in mono-pTS-D has
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FIG. 5. Evolution of the soft mode damping as a function of
temperature. The value below T'=175 K (open square) are ob-
tained by Raman scattering.'’
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FIG. 6. Temperature dependence of frequency square of the
soft mode.

a mean-field behavior in agreement with the following ex-
pression: w?(¢=0)=a(T —T;) where T;=193 K and
a=7.1X10"% THz?K~!. This value (7;=193 K) is in
good agreement with the value (7;=195 K) obtained
from the static study.” The o, value at T =195 K was
obtained by measuring the value at Qg —0.2a* and by ex-
trapolating the value at Qg using the dispersion along a *
determined at 7=201 K (see Sec. IV B). A direct deter-
mination at Qg+ and at T'=195 K would not have been
possible.

B. Central peak

The analysis of our spectra was performed by also add-
ing to the damped harmonic oscillator function of the
soft mode, an elastic 86(w) component which increases
near T; (Fig. 7). The elastic 6(w) component is equal to
the sum of elastic incoherent scattering and central peak
contributions. The incoherent elastic scattering, which is
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FIG. 7. Evolution of the central peak intensity as a function
of temperature. The value at T =195 K is obtained by assum-
ing that the central peak dispersion at T=201 K remains valid
at T=195 K. )
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weakly temperature and Q dependent, was measured far
away from Qg. The elastic peak at T =273 K contains
almost only elastic incoherent scattering. The observed
value of the central peak intensity at T'=195 K was ob-
tained by assuming that the central peak dispersion at
T =201 K (Sec. IV C) remains valid at T=195 K for
Qs—0.2a*. We must point out that the temperature
dependence of the central peak probably indicates that
the soft mode structure factor also has a temperature
dependence because the central peak and the soft mode
are parts of the order parameter fluctuation spectrum.®

IV. DYNAMICAL STUDY
IN THE HIGH-TEMPERATURE
PHASE: ¢ DEPENDENCE

A. Acoustic modes

The plotting of phonon dispersion curves can be ob-
tained from inelastic neutron scattering study. Figures 8
and 9 describe the evolution of the phonon dispersions
along the a* axis at T =201 K and 7T'=249 K. As previ-
ously indicated (Sec. II C), one must take into account
the acoustic modes propagating along the a* axis and
originating from the Brillouin zone center. Different con-
tributions are present on the energy scan for 8(d) and 9(c).
The first contribution is the overdamped soft mode locat-
ed around ©=0. The second and third contributions are
attributed to two acoustic phonons. The lowest frequen-
cy acoustic mode is the TA1l mode which is polarized
along b.?6?” The TA2 and LA are polarized in
the (a,c) plane. Thus the three acoustic modes can be
measured around Qg=(3.5,0.945,0) (Figs. 8-11) or
Qs =(2.5,0.94,0) (Figs. 9 and 10).

It is necessary here to make a brief review of the mea-
sured sound velocities found in the literature. Table I
shows the values found by different authors together with
our own results. It must be pointed out that some
discrepancies exist between Brillouin scattering?® and ul-

trasonic measurements?’ performed on pTS-H. Some
Intensity (counts)
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FIG. 8. Evolution of the inelastic neutron scattering spectra
at T=201 K along the a* direction: (a) Qg, (b) Qg —0.05a*,
() Qs—0.10a*, (d) Qs —0.25a*. The arrows indicate the ex-
istence of a weak phonon contribution which is attributed to
TA, [Qs=(3.5,0.945, 0)].
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FIG. 9. Evolution of the inelastic neutron scattering at
T =249 K along the a* direction: (a) Qg, (b) Qs+0.08a*, (c)
Q5—0.20a* [Qs=(2.5, 0.94,0)].
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FIG. 10. Evolution of the inelastic neutron scattering spectra
at T=249 K along the b* direction: (a) Qg, (b) Qs —0.0115*,
(c) Qs —0.026b*, (d) Qs —0.036H* [Q, =(2.5,0.94,0)].

Intensity (counts)

FIG. 11. Evolution of the inelastic neutron scattering spectra
at T=201 K along the b* direction: (a) Qg, (b) Qs—0.020b*,
(c) Qs—0.045b*. The arrows indicate the existence of a weak
phonon contribution which is attributed to TA, [Qs=(3.5,
0.945, 0)].
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TABLE 1. Sound velocities of acoustic phonons propagating
along a* in pTS-H and pTS-D monomer crystals.

Ref. [26] Ref. [27] Ref. [28]
T=293 K T=250 K T =240 K
PTS-H pTS-H pTS-D
TAl 1040 ms™! 850 ms ™! 1140 ms™!
TA2 1560 ms™! 1170 ms™! 1290 ms™!
LA 2490 ms™! 2150 ms™!
This work This work
T=249 K T=201 K
pTS-D pTS-D
TA2 1280 ms™! 1230 ms™!
LA 1580 ms™! 1620 ms™!

unpublished results obtained on pTS-D?? are also report-
ed in Table I. The mean value for TA1 and TA2 sound
velocities in literature are then 1010 and 1340 ms ™~ !. Our
first acoustic contribution corresponding to a sound ve-
locity equal to 1280 ms™! at T'=249 K is probably the
TA2 mode. The second contribution should then be the
LA mode. Our experimental sound velocity (1580 ms™!
at T =249 K) is around 30% smaller than the values
found by Brillouin scattering?® and ultrasonic measure-
ments.?” One must, however, keep in mind that Brillouin
scattering and ultrasonic measurements are performed at
very low g values (near the zone center). Finally we must
point out that our group theory analysis (Sec. V A) shows
that the TA1l mode corresponds to the soft phonon
branch.

B. Soft mode

The study of the soft mode’s dispersions along the a*
and b* axes gives information about the anisotropy of the
associated correlation lengths &, and £,. w?(g) was fitted
to a dispersion law w?(g)=w?(0)+a,q2+a,q?, where g,
and g, are defined by the relation q=gqg,a*/a*
+q,b*/b*. The damping of the soft mode I'(g) was
held constant, neglecting the q dependence of I'(q) in the
neighborhood of Qg (Sec. III A). The same procedure
was used for the overdamped soft mode phason of
K,Se0,. 2%

Figure 10 shows the dispersion along the b* axis at
T =249 K. The soft mode remains overdamped far from
the satellite. Taking into account the results obtained
along a* (Fig. 9) and b* (Fig. 10) [[=0.34 THz], we
found @, =1.6 THz?A? and a, =4.1 THz? A2, The an-
isotropy &,/&, is equal to the square root of
a, /a,: P&, /E,=1.6. This anisotropy is also determined
at T =201 K.

Figure 11 shows the evolution of inelastic neutron-
scattering spectra at 7=201 K along the b* direction.
The overdamped soft mode is softening near Qyg, together
with an additional weak phonon indicated by an arrow.
In Fig. 8 (dispersion along the a* direction) the same
phenomenon is observed. The soft mode dispersion
coefficients a, and a, can be determined: a,=2
THz> A? and a,=3 THz*A? [I'(¢)=0.22 THz]. The
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FIG. 12. Dispersion curves along a* at T=249 K for the
soft mode (TA,), the TA,, and LA acoustic modes. Dashed
lines between experimental points correspond to our interpreta-
tions of the correlations between modes at different points of re-
ciprocal space.

anisotropy _is weak: §,/6,=V'a,/a,=1.2 and
&=V a,/0?=19 A, £,=V a,/o?=16 A. Figure 12
gathers all the results from the study of the dispersion
curves along a* at T =249 K and Fig. 13 at T=201 K,
with our interpretations (Secs. IVA and V A). Our re-
sults indicate that a two-dimensional character of the
phase transition involving the (a*,c*) plane does not
provide a good description of the phase transition in the
PTS-D monomer as in the case of the pTS-D polymer?® be-
cause £, /&, are similar in both cases.

C. Central peak

The evolution of the central peak intensity at T =201
K along a* and b* is plotted in Figs. 14(a) and 14(b). We
have first assumed that it corresponds to a simple
Lorentzian function according to a Landau description
[Fig. 14(a)]:

 (THz)
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FIG. 13. Dispersion curves along a* at T=201 K for the
soft mode (TA1), the TA2 and LA acoustic modes. Dashed
lines between experimental points correspond to our interpreta-
tions of the correlations between modes at different points of re-
ciprocal space.
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FIG. 14. Evolution of the central peak intensity along the a *
and the b* directions at 7=201 K: (a) assuming a simple
Lorentzian shape or (b) a square Lorentzian shape.

1
(14+q2L; 2 +q2Ly Y

L, is then equal to 32+3 A and L, to 4413 A. It must
be pointed out that the half width at half maximum of
the resolution function is much smaller than 1/L, or
1/L,. L, and L, are much larger than £, and &,: the
soft mode (£) and central peak (L) correlation lengths
have different physical meaning if S (Q) is described by a
simple Lorentzian function.

The Landau theory on the influence of defects on
structural phase transitions®”3! shows that the study of
the g dependence of the central peak intensity may be re-
lated to &, and &,. For nonferroelectric and nonferroe-
lastic phase transitions and in the simplest case of defect,
the scattering intensity corresponding to the central peak
is not a simple Lorentzian function but a square Lorentzi-
an function:

S(Q)a

1
(14+¢26,2+q6, 27

The fits of central peak intensity with this function
[Fig. 14(b)] yield the values of £, and &,, £,=19+2 A
and &, =27+2 A. These values are 20-30% larger than
the values of £, and &, found by a direct study of the soft
mode (Sec. IVB). It should be stressed that this

S(Q)a
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discrepancy is not so large if one takes into account the
experimental difficulty in separating the contributions of
the central peak and soft mode (Figs. 8 and 11). The cen-
tral peak can, however, be definitively attributed to de-
fects because its intensity increases in samples containing
a higher polymer content.” The Landau theory®' also
predicts that the crossover temperature 7, at which the
two elastic contributions (soft mode and central peak) are
equal, is given by (T —T;)/T; of the order of 10~! (for a
defect concentration of the order of 1072). In our case
this crossover should be located a few ten degrees above
T;=195 K. It may then explain why the central peak
contribution can be measured at 7 =201 K and not at
T =249 K. So a higher polymer content should make the
study of the g dependence of the central peak easier. This
study is in progress.

V. DISCUSSION

A. Incommensurability

PTS belongs to type-II incommensurate systems which
do not possess a Lifschitz invariant.’> Thiourea and
NaNO, are among the most well-known compounds of
these types of systems.’>3* In these typical systems the
structural phase transition is related to a one-dimensional
zone-center irreducible representation. pTS monomer
presents a slightly different behavior: the related one-
dimensional soft mode is located at low temperatures at
the zone boundary A4 point of the Brillouin zone® (this
soft mode directly condensates at this point in the pure
polymer compound). If for type-I incommensurate sys-
tems incommensurability originates from the existence of
a Lifschitz gradient,® in incommensurate systems of
type-1I like thiourea,’®%” it originates from the coupling
of the order parameter 7 (associated to the soft mode) to
a secondary degree of freedom & transforming as 7. One
can more generally say that the order parameter 7 in pTS
can be coupled at the P point (qg=a™*/2+8b*) with a
degree of freedom &, the same coupling being forbidden
at the A4 point (q,=a*/2).

The correlations between the A4 point and the P point

are’®

A P
Ag,Au _ T
Bg,Bu —_— T,

The star of qg=a*/2+8b* contains two vectors. The
dimensionality of the order parameter, which is the prod-
uct of the number of vectors in the star and the number
of the dimension of the small representation 7,, is then 2.

The correlations between the 4 point and the I' point
are

r 0 A
4,,B, —_— 0, — Ag,B,
B,, 4, _— 0, — B,, 4,
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Finally, the irreducible representations of the 4 point in
the high-temperature (HT) phase transform into the rep-
resentations of the I' point in the low-temperature (LT)
commensurate phase:

Ayt Iir

Ag —_ B p

B, _— A4, (soft mode)
Au I Bu

Bu - Au

These diagrams show that the order parameter has a
B, symmetry at the A point in the high-temperature
phase. It can be coupled at the P point to modes having
B, or B, symmetry at the 4 point. As we are looking at
a degree of freedom £ which cannot couple to 1 at the 4
point, we arrive at the conclusions that this degree of
freedom has B, symmetry at the 4 point and 4, or B,
symmetry at the I' point.

Our results (Sec. IV) show that the lowest acoustic
branch is the TA1 branch propagating along a*. At the
I’ point of the Brillouin zone, this 4, branch involves
displacements of atoms in the b direction of incommen-
surability.?’ It corresponds also to the lowest frequency
mode of 6, symmetry between the I' point and the A4
point. As the soft mode has B, symmetry at the 4 point
and then 6, symmetry between the I' point and the 4
point, we arrive at the conclusion that the soft mode and
the TA1 mode belong to the same phonon branch. The
TA2 mode located just above the TA1 mode has B, sym-
metry at the I point and thereafter 6, symmetry between
the I" point and the A4 point. Then the TA2 mode could
have B, symmetry at the 4 point and then correspond to
a degree of freedom §. The additional weak mode which
was detected near Qg at T =201 K (Sec. IV B) could be
related to this TA2 mode and to the degree of freedom &.
It is easy to understand that the situation for pTS is ex-
perimentally more complicated than for compounds like
thiourea having a lock-in near the I" point. To go beyond
the results of group theory, it is necessary to have a mi-
croscopic description of all modes, particularly at the 4
point. Figure 12 shows the dispersion curves at 7 =249
K and Fig. 13 the dispersion curves at 7 =201 K accord-
ing to our hypothesis. Similarities exist with the case of
BCPS.3** For this organic compound with a monoclinic
structure (I2,/a), incommensurability corresponds also
to the condensation of a soft phonon along the zone
boundary (q,=a*+8b* for BCPS). This mode belongs
to the same branch as one of the transverse acoustic pho-
nons.

B. Influence of polymerization

The comparison of pTS-D monomer and pTS-D poly-
mer is very interesting because this system offers, togeth-
er with the other diacetylene DNP,*""4? the only oppor-
tunity to study the influence of polymerization on a
structural phase transition. In the case of DNP, a displa-
cive transition occurs in the monocrystalline monomer*?
and not in the polymer. The disappearing of long-range
ordering in the mixed monomer polymer of DNP is then
easier to understand than in some orientational glasses
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like KBr-KCN.* For pTS-D, the influence of disorder in
mixed monomer polymer is more subtle. We already
know®’ that in pTS-D monomer the transition occurs al-
most at the same temperature (7; =195 K) as for good
quality pTS-D polymer monocrystal (7,=190 K). In
both cases the analysis of x-ray thermal motions by the
rigid-body method”® shows that the main librational
motion occurs around the same vector and is the precur-
sor for the transition which leads to the two different po-
sitions occupied by the side groups on two inequivalent
sites in the low-temperature phase. The amplitude of
motion is also the same. (The incommensurability aspect
is neglected in the present discussion.) We have postulat-
ed up to now that the dynamical properties of pTS-D
monomer and polymer should be very different.®!® The
result of the present study shows clearly that this hy-
pothesis is wrong. The soft mode presents roughly the

same mean-field behavior for pTS-D monomer
[02(0)=a(T —T;), a=7.1X10"* THz? K7}, T,=193
K] and pTS-D polymer?® [02(0)=a(T —T,),

a’'=7.3X10"*THz*K !, T, =190 K].

The fact is that, even if monomer and polymer present
many similarities, the signatures of the phase transition
as viewed by calorimetry disappear in mixed monomer-
polymer crystals of pTS-H'*!* and pTS-D.° The same re-
sult is obtained by x-ray and neutron diffraction.!%!112
Dielectric measurements still give a weak signature!” but
it is known* that it could correspond only to local order-
ing. As pTS-D monomer and polymer have the same
critical temperature T, the same order parameter, and
the same soft mode evolution, other explanations have to
be found to explain the disorder observed at intermediate
polymer content. In the case of the NaCN-KCN orienta-
tional glass, local distortions of cells are due to the
difference of Nat and K* radii. For pTS-D the reduc-
tion of the b parameter from the monomer (Fig. 1)
(b=5.16 A at T =280 K) to the polymer (b=4.9 A at
T =280 K)? is due to the substitution of van der Waals
bonds by covalent bonds during polymerization. The
study of the disorder that can result in mixed monomer-
polymer crystals is now in progress.*> We must point out
that the situation in pTS-D is slightly different from that
in NaCN-KCN glass. In addition to random strains re-
sulting from cell distortions, Blinc*® pointed out that in
NaCN-KCN random bonds may not be neglected. The
large difference in critical temperature for pure NaCN
and KCN* illustrates this effect. pTS-D is then probably
a better prototype of the pure random field case.*’ The
question is now to know whether or not this random field
is sufficiently strong to suppress the phase transition in
mixed crystals. A study by neutron scattering is in pro-
gress to check this point, together with the specific effect
related to the extended character of the defects (polymer

chains).®
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