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Tetraphenyldithiapyranylidene iodide [DIPSC&&(13)Q 76] is a one-dimensional (1D) conductor in

which an organic matrix separates parallel channels filled with triiodide I3 anions. At room tem-
perature, the triiodide chains present an important structural disorder characterized by the absence
of long-range order along the channels and of lateral correlations between the different chains. A
model of a one-dimensional harmonic liquid has been successfully used to account for the observed
x-ray scattered intensity. As the temperature is lowered, coupling between the chains develops, lead-

ing to a 3D ordered state below T, = 182 K. The ordering process has been studied with respect to
temperature by x-ray techniques and the low-temperature structure of the iodine sublattice deter-
mined. The order which establishes below T, is described by the Fourier components of the ionic
density along a channel. They form the order parameters of the system. The temperature depen-
dence of the first five components has been measured. They exhibit different temperature behaviors,
showing the unusual character of this structural phase transition. The existing theory accounts only
qualitatively for these results. The structural evolution has been correlated with the electrical prop-
erties of the material which has a Peierls-like phase transition around T, . Starting from the fact
that the first Fourier component of the iodine density corresponds to the 2kF wave vector of the or-
ganic stack, a new explanation of the phase transition is proposed.

I. INTRODUCTION

A large class of organic conductors has been syn-
thesized by the oxidation of organic donors by various
halogens. When iodine is used as an oxidizing agent, it
generally leads to compounds containing the triiodide
anion I3 . ' In some of them [TTTq13+s (TTT is
tetrathiotetracene), BzPI & 6 (B2P is 5, 10-di-
benzylphenazinium), and EzPI, 6 (E~P is 5, 10-
diethylphenazinium)], x-ray scattering reveals an impor-
tant structural disorder of the triiodide anions in the or-
ganic matrix. The compound TTT2I3+~ is a remark-
able conductor at room temperature (o.= 1000 6 ' cm ')
which undergoes a sharp metal-insulator phase transition
at a temperature which depends upon its exact
stoichiometry. B2PI& 6 and E2PI& 6 are semiconductors.
The compound we study DIPSN&(I&)Q 76 (DIPS44 is tetra-
phenyldithiapyranylidene) has an intermediate behavior,
exhibiting a broad conductor-semiconductor transition
characterized by a broad maximum of conductivity
around 220 K and a weak anomaly in its temperature
dependence at about 165 K. This last point suggests the
occurrence of a phase transition. ' Such a possibility is
corroborated by the observation of a well-defined angular
point in the temperature dependence of the EPR
linewidth' and an anomaly in the thermoelectric power at
165 K.

Crystallographic data relevant to DIPS&94(13)o 76 are

TABLE I. Crystallographic data.

Formula
Crystal system
Space group
Unit cell a

C34H2gI2 28Sz

Tetragonal
P4b2

19.74 A
3.714 A

summarized in Table I and a projection of the structure
along the stacking axis c is shown in Fig. 1."'

DIPS+4 molecules are stacked along the c axis in an
eclipsed manner. Two DIPS44 columns delimit a channel
parallel to them. These channels are filled by triiodide
anions oriented parallel to the channel direction. Raman
scattering confirms I3 as the only species present. ' This
structure is very similar to the one of TTT&I3+~, B2PI& 6,
and E2PI& 6. ' ' Furthermore, the similarity of the x-ray
patterns obtained with these compounds indicates that
closely related structural disorders are encountered in
DIPS44(13 )Q 76.

These structural disorders are similar to that shown by
the mercury chain compounds Hg3 ~AsF6. ' This com-
pound has a structure similar to that of a polyiodide or-
ganic conductor with the difference that the AsF6 matrix
delimits two sets of perpendicular channels filled by mer-
cury atoms. ' The structural disorder and the low-
temperature phase transition due to the coupling between
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FIG. 1. (OOI) projection of the DIPSAS(I3)Q 76 structure.
Heavy dots point to the position of the triiodide chains in the
channels.

the mercury chains have been extensively studied. ' The
in-chain disorder due to one-dimensional (1D) liquid fluc-
tuations, has been relatively well understood' ' and
checked experimentally. However, the theoretical predic-
tions concerning the 1D-liquid —3D-solid phase transition
have not been verified satisfactorily, probably because of
competing interactions between the two interpenetrating
mercury sublattices.

The purpose of this paper is to study this kind of
order-disorder phase transition in a compound which
possesses only one type of chain array and additionally to
check the influence of the triiodide sublattice ordering on
the electronic properties of the metallic organic stack.
This paper has been divided as follows. Experimental
techniques are briefly described in Sec. II. Characteriza-
tion of the samples by their electrical properties is the ob-
ject of Sec. III. In Sec. IV, the triiodide structural disor-
der at room temperature is analyzed and its temperature
dependence studied in Sec. V. The low-temperature
order-disorder phase transition is described in Sec. VI. Fi-
nally, a conclusion is drawn in Sec. VII.

II. EXPERIMENT

The molecule DIPS@4 is accessible by one-step syn-
thesis from diphyeny1-2, 6-thiopyrylium salt. ' Small
green needlelike crystals of DIPS@4(13)Q 76 are grown by
slow evaporation of a DIP S+4-iodine solution in di-
chloromethane with molecular ratio m = [12]/[DIPS@4]
& 0.6. A different stoichiometry is obtained with m

larger than 0.8
dc resistivity measurements between room temperature

and 80 K were performed with the standard four-probes
method. Contacts were made using platinum paint on
parts of the crystal previously gilded by evaporation.

A first survey of the disorder and of its temperature
dependence was obtained with the fixed-film —fixed-
crystal method using the synchrotron x-ray beam of the
station D16 of the Laboratoire pour 1Utilisation du Ray-
onnement Electromagnetique (LURE) at wavelengths of
1.06 and 1.58 A. It permitted short exposure time (half
an hour) combined with a high resolution [half width at
half maximum (HWHM): 0.0065 A ' at 1.06 A and
0.008 A ' at 1.58 A using the convention c c*=2~].

The quantitative measurement of the temperature
dependence of Bragg spots or diffuse features has been
performed with a position-sensitive detector developed in
the laboratory. ' It appeared to be especially suitable for
the measurements of small features growing on a sizable
background. Collections of Bragg-spot intensities for the
low-temperature structural refinement (13 K) were per-
formed with a homemade low-temperature Weissenberg
camera and a three-circle goniometer (normal-beam
geometry-lifting detector).

All these apparatus were equipped with a helium
closed-circuit cryocooler. A minimum temperature of 10
K could be reached. They were mounted on conventional
x-ray generators using the Cu Ka radiation from (002) re-
flection on a doubly curved pyrolytic graphite monochro-
mator. Photograph readings were performed with a
Joyce-Loeble microdensitometer.

III. CONDUCTIVITY MEASUREMENTS

Conductivity measurements have been performed down
to about 40 K by Isett et al. and by Strzelecka and
Rivory. "' ' ' The conductivity o. increases from room
temperature (RT) to a flat maximum at 220 K. The ratio
cr,„/o (RT) is about 1.13 for both measurements. Refer-
ence 9 gives a o (RT) of 120 0 ' cm ' and Refs. 8(a) and
8(b) o (RT)=250 Q 'cm '. Below 220 K, the conduc-
tivity displays a semiconducting behavior. The effective
activation energy din(o. )/d(l/T) has a small anomaly
centered at 165 K and a low-temperature value of 60
meV.

In order to correctly characterize our crystals, we per-
formed conductivity measurements on three samples.
Furthermore, this characterization appeared very helpful
for the understanding of the low-temperature structural
properties.

The behavior of the conductivity is shown by Fig. 2(a).
Its temperature dependence is in agreement with that al-
ready reported in Refs. 8(a), 8(b), and 9. We have found a
room-temperature conductivity of 250 Q ' cm ' in
agreement with the determination of Refs. 8(a) and 8(b)
and a ratio o,„/cr (RT) of 1.13. Figure 2(a) also shows a
small anomaly at about 160 K in the temperature depen-
dence of cr which has already been noticed in Ref. 9. It is
best shown on the plot of b,,rr

——din(o')/d (I/T) [Fig.
2(b)]. We see that b,,rr develops below 190 K, saturates
between 170 and 150 K and then increases until about 90
K where it seems to saturate at a value close to 50 meV.

The quantity A,ff certainly deviates from the true elec-
trical gap 6 because o also depends upon the temperature
through the carrier mobility and the temperature depen-
dence of b, itself (for instance, in the vicinity of a conven-
tional Peierls second-order transition temperature, the
vanishing of 6 with an infinite slope gives a divergence of
jeff).

However, in our case, as the temperature dependence of
ff appears to be smooth, we think that, at least qualita-

tively, it mimics the behavior of the electrical gap 6 on
the DIPS+4 chains. This behavior will be discussed in
Sec. VI in connection with structural quantities measured
on the iodine sublattice.
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FIG. 3. Fixed-film fixed-crystal x-ray pattern of the
DIPS+4(I3)O76 single crystal taken at station D16 of LURE at

0
room temperature (A, =1.06 A). The c axis is horizontal, I in-
dices are for main lines, arrows for additional lines.

such a geometry, the broadening is an intrinsic
phenomenon. Furthermore, one can notice that the inten-
sity of the first three main lines is slightly modulated.
The additional lines which form the second family are
shown by arrows on Fig. 3.

I I I I I I I I I I
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FICx. 2. (a) Temperature dependence of the normalized dc
conductivity of DISP+4(I3)0 76 Experimental points are an
average of the data obtained with three samples. (b) Tempera-
ture dependence of the effective activation energy 6,ff
= din(cr)/d (1/T).

IV. ANALYSIS OF THE DISORDER
AT ROOM TEMPERATURE

A. Experimental data

The x-ray pattern of Fig. 3 reveals two different
features. First, it shows well-defined Bragg-spot layers
perpendicular to the c axis which correspond to the dif-
fraction by the organic matrix. Their spacing gives the c
parameter of the crystal, c=3.714 A. Second, one can see
intense diffuse lines, also perpendicular to the c axis.
These lines have been observed whatever the orientation of
the crystal around the c axis. They are thus corning from
the intersection of the Ewald sphere with diffuse sheets
perpendicular to the c axis in the reciprocal space. As
shown on Fig. 4, the diffuse lines have an intensity distri-
bution in the c direction which resembles that shown by
the other triiodide compounds TTTqI3+~, BzPI~ 6, and
E2PI) 6. '

It is possible to distinguish two sets of diffuse lines on
the photograph of Fig. 3. The first family contains what
we have called main lines, labeled by an index I running
from one to ten on Fig. 3. These lines are equally spaced
and their width increases rapidly with increasing line in-
dex I. As the resolution remains practically constant in

B. Qualitative discussion of the main lines

Structural refinements of DIPSO&4(I3)076 crystals have
shown that the positions of the atoms of the DIPS+4 ma-
trix can be easily determined from the Bragg-spot intensi-
ty analysis. "' On the other hand, the iodine contribu-
tion deduced is highly deficient and an enormous thermal
agitation of the iodine atoms along the c axis is found.
Thus it is tempting to attribute the diffuse intensity main-
ly to the triiodide chains. A more direct evidence is that a
contribution of the DIPS+4 molecules to the diffuse in-
tensity would strongly modulate the intensity of each line
through the molecular structure factor of DIPS+4. The
triiodide anions which are parallel to the c axis do not
have this effect. Actually, the intensity of the diffuse
lines is uniform except for the first three main lines,
which show a slight periodic modulation, each having a
different origin. Finally, the clearest evidence is the sharp
increase of the intensity of the main lines of index 3, 4, 6,
and 7 shown by Fig. 3 and which is due to the molecular
structure factor of the triiodide anions. This feature, al-
ready discussed in Ref. 3 for B2PI& 6 and E2PIj 6 will be
quantitatively discussed in part C of this section.

The distribution of the diffuse intensity in sheets is ex-
plained if there is no phase coherence between the tri-
iodide chains. The slight intensity modulation of the first
lines indicates only a very short-range order between
neighboring chains. This will be discussed in Sec. V B. In
a first approximation, we shall neglect this coupling and
consider each chain as independent of the others. In the
following, we shall discuss the main lines. Additional
lines will be the object of part D of this section.

If one considers an infinite linear chain of spacing d,
the corresponding reciprocal lattice consists of infinitely
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FIG. 4. Microdensitometer readings of x-ray patterns from four triiodide chains compounds is a direction perpendicular to the dif-
fuse lines: (a) DIPS+4(I3)(j 76 (b) TTT2I3+$ (c) B2PI& 6, (d) E2PI& 6. The orientation is the same for all the crystals (4 signifies the
scanning angle of the x-ray pattern) ~

sharp sheets perpendicular to the chain direction spaced
by 2w/d. ' In experimental conditions, these sheets have
the same width as that given by the resolution. This is
well observed in partly polymerized diacetylene crystals,
for instance. If the position of the units is disturbed in
such a way that the fluctuations of distance are indepen-
dent of the distance between the units, then long-range or-
der is kept, the sharpness of the sheets is conserved, but
their intensity is changed (first-kind disorder). For in-
stance, in the case of thermal agitation around a fixed po-
sition, the reduction of intensity is described by the intro-
duction of a Debye-Wailer factor. In our case, the rapid
increase of the linewidth can be explained only if one ad-
mits that there is no long-range order along the chains,
i.e., the existence of cumulative fluctuations of distance
(second-kind disorder). ' Similar features are observed in
the compounds Hg3 sAsF6 [Refs. 14(c)—14(e)], E2PI, 6

and B2PI~ 6 (Refs. 3 and 6), and TTT213+$ ' (see Fig. 4).
They can be interpreted in models of 1D positional disor-
der of a given species which are detailed in part C of this
section. A different explanation involving a complex sta-
tistical distribution of I2 and I species in chains of I3
species has been proposed in Ref. 5 for TTT2I3+$ This
possibility will be ruled out for DIPS@4(13)Q 76 in part C
of this section.

The repeat distance between main lines leads to a
periodicity d= 9.79 A. It represents the average distance

between triiodide units in a chain and this value is in good
agreement with previous reports on similar triiodide com-
pounds. ' This periodicity d is incommensurate with the
periodicity c of the host lattice. With two iodide chains
per DIPS@~ chain, the ratio d /c leads to a [13]/[DIPS@4)
structural stoichiometry of 0.76, in good agreement with
the chemical stoichiometry of our samples. ' ' With a
charge transfer of one electron per I3 unit, the periodici-
ty d is identical to the wavelength associated to the 2kF
wave vector of the 1D electronic gas on the DIPS44
chains, d =2~/2kF. This has some important conse-
quences on the electronic properties of the material (see
Sec. VIB 1).

C. Model of disorder in chain direction

A model of 1D liquid fluctuations has been proposed
by Emery and Axe to account for the properties of the
compound Hg3 ~AsF6. ' The chains are treated as in-
dependent and the intrachain interactions are supposed
harmonic and between first neighbors. In this model, the
disorder is dynamic in nature. It has been developed in
detail by Yoshida et a/. ' A slightly different approach
has been used by Endres et al. and Rosshirt et al. for
the compounds B2PI

& 6 and E2PI& 6. Starting from the
fact that x-ray diffraction does not give information on
the dynamics of the fluctuations, they used the descrip-
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tion of the paracrystal. ' A distribution function of the
first neighbors h &(z) is introduced where z is the deviation
to the average distance d between I& units. The parame-
ters of this function are adjusted to fit the experimental
data. In the case of a Gaussian distribution

S (t1

(a)
experimental

s (k)

(b)
harmony

theory

kgT
C7

Pl V
(3)

Additional parameters can be added in the function h &(z)
(Ref. 6) or, equivalently, anharmonicity can be added to
the harmonic interaction potential. ' " In a first step, we
started from Eq. (2) keeping the harmonic approximation.
We suppose also that the triiodide units are linear and
symmetric, naming 6 the distance between two adjacent
iodine atoms of an I& unit. As in Ref. 3, no Debye-
Waller factor was introduced to account for the internal
motions of the Iq molecules.

The new intrachain structure factor is given by

S' (q, ) = (pt(q*)pt( —q ) )

=[1+2cos(q,5)] S (q, ),
where p&(q, ) is the Fourier transform of the iodine density
in the chain direction and 1+ 2cos(q, 5) the geometrical
structure factor of a I& unit. The intensity scattered by a
chain can be put under the form

I(q)=
~
f&(q)

~

S' (q, ) (5)

where ft(q) is the atomic x-ray scattering factor of iodine.
We see on Figs. 5(a) and S(b) that the experimental in-

tensity distribution is we11 accounted for by the theoretical
expression (5) with the two parameters cr=0 35 A an.d
5=3.00 A. This 1ast value is in good agreement with I-I
distances of I& units reported in the literature. ' The
value of o. is very similar to that found in E2PI16 and
B2PI1 6 at room temperature, o.=0.30 A. Within the ex-
perimental accuracy of our data, no extra parameter is
necessary. The small value of o./d (0.035) means that the
fluctuations are correlated over a long distance. In this
limit, for q, o & 1, S (q, ) can be decomposed under a sum
of well-separated Lorentzian peaks, each centered at
q, =+2~l/d where l is an integer. Their half width at
half maximum (HWHM) b, l is related to o. by the relation-

16, 17

gl =2/7 l (y~/d

This law has been previously checked in
Hg»AsF6, ' ' " '" B2PI, 6 and EyPI, 6,

' and is well veri-

h, (z)=exp( —z /2o. ),
the structure factor S (q, ) is identical to that obtained
with a model of ID-harmonic liquid:

sinh(q, o /2)
S (q, )= z (2)

cosh(q, o. /2) —cos(q, d)

where q, is the c axis component of the scattering vector
q. In the 1D-harmonic liquid theory, the mean-square
fluctuation between first neighbors o. is related to the
temperature, the mass of the molecules m and the sound
velocity in the chain direction v by

fied for DIPSC&4(lq)o q6 (see also Sec. V A).
A different explanation of the broadening of the diffuse

lines has been proposed for the compound TTTzI3+$ in
Ref. 5. It supposes that I2 and I species are intercalated
between I& units, leading to a static disorder. Besides the
fact that Iq species have not been observed by Raman
scattering in DIPS+4(lq)0 76,

' such an organization would
prevent the establishment of long-range order between the
iodine chains, in contradiction with our experimental
findings (see Sec. V).

D. Additional satellite lines

The positions of the additional lines observed on Fig. 3
have been listed in Table II. It is easy to check with these
values that all the positions can be written as a main line
index plus or minus about 2.64. The reciprocal parameter
c * of the organic matrix, expressed in d* units, is
c =d/c=2. 64. Thus, each additional line can be related
to a main line by the addition or subtraction of c. Furth-
ermore, one can verify that the more intense lines of index
l=3.64 and l=6.62 have the same width as the main line
they are related to (lines of indices 1 and 4, respectively).
The family of additional lines can be thus explained by a
modulation of the triiodide chains by the host lattice. ' It
is not necessary to suppose the existence of a second fami-
ly of chains, as it was postulated before for TTTz13+Q,
E2PI1 6, and B2PI1 6. In our case, this additional periodi-
city corresponds to the first Fourier component of the
external potential created by the host lattice upon the
chains. This potential can be due to small bottlenecks

TABLE II. Positions of the additional lines expressed in cr

units.

Position

1.64
3.64
4.64
5.68
6.62

Intensity

weak
strong
weak
weak

strong

1 2 3 4 5 6 7 8 9 10 11 1213

FIG. 5. (a) Microdensitometer reading of the diffuse intensity
along the c direction of the x-ray pattern of Fig. 3. The intensi-
ty has been corrected for absorption, polarization, and iodine
atomic scattering factor. The abscissa l is given in d* unit. Ar-
rows point to the additional lines. (b) Convolution of the
theoretical intensity S (q, ) given by (4) with the experimental

o
synchrotron resolution (HWHM of 0.0065 A ). The values of
the adjustable parameters are o.=0.35 A and 6=3.00 A.
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created by the sulfur atoms of the DIPS+4 molecules in
the channels as shown by structural data (see Fig. 1). At a
lower temperature, it is also possible to observe second
Fourier components of this potential, that is additional
lines separated from a main line by +2c. The modulation
of a 1D liquid by a host lattice potential has been treated
in conjunction with superionic conductors problems.
Different potentials and intrachain interactions have been
considered. However, because of the strongly correlated
nature of the 1D liquid, our case might be described by
the Frenkel-Kontorava model. Unfortunately, the use
of this model in Ref. 23 predicts a strong temperature
dependence of the modulation which is not observed ex-
perimentally (see also Sec. VI A 3 b). We preferred thus to
choose a simpler model where the effect of the host lattice
is to produce a displacive modulation of the triiodide
units by a wave of amplitude u and wave vector
c*=2m/c. As the intensity of each satellite line is uni-
form, the modulation is only polarized in chain direction.
It leads to a new structure factor,

'2
q, u

(7)
C

This expression shows clearly that the main lines and
their satellite lines have the same width. By adjustment
on the two more intense satellite lines, one gets u=0. 13
A. The modulation is in fact weak, the strong intensity of
some additional lines being the effect of the molecular
structure factor of I3 units. Additional lines observed on
the compounds TTT2I3+&, E2PI& 6 and BzPI& 6 can be ex-
plained in a similar manner.

The displacive modulation of the triiodide chains by the
host lattice could also explain some of the difficulties en-
countered in the structural refinements. In the absence of
modulation, the contribution of the iodine atoms to the
Bragg scattering should be restrained to the (hkO) plane.
In other terms, the iodine density along the channels
would be constant. Its Fourier transform should thus
present a unique Bragg-like peak at q, =0. A contamina-
tion of higher- I Bragg reflections by the 1D diffuse
scattering of the chains is possible but should be removed
by the background correction. The authors of Refs. 11
and 12 have found a coherent contribution of iodine in
planes of higher-l index. To account for this fact, a per-
centage of commensurability of iodine has been intro-
duced in Ref. 11. Although the refinement procedure ap-
pears successful, they get a Debye-Wailer factor of the
iodine atoms which diverges. " This can be explained by
the displacive modulation of the triiodide chains. By this
effect, the iodine density presents a permanent modulation
(inhomogeneous liquid). Its Fourier transform has thus
additional peaks at q, =+2~n/c where n is an integer.
This very particular contribution to the Bragg scattering
cannot be traduced by a mere Debye-Wailer factor.

V. TEMPERATURE BEHA VIOR

We shall describe here the effect of the temperature on
the parameters which describe the intrachain disorder and
the short-range lateral correlations.

A. Intrachain disorder

B. Interchain correlations

1. Experimental data

At room temperature, very weak modulations of the
first three main lines are observed (see Fig. 3). It reflects
the existence of weak lateral interchain correlations which
have been neglected in the analysis performed in Sec. IV.
The x-ray pattern shown in Fig. 7 exhibits a noticeable
reinforcement of the modulations of the first main line at
200 K. It reflects the increase of the interchain coupling
on cooling down. It can be noticed that the same
phenomenon appears on its first harmonic of modulation

d'5 '
~2 (A)

2K L

0. 12
4th aheat

0.08

0.04

50 100 t50 200 250 300
TCK)

FIG. 6. Temperature plot of the square of the parameter cr.
Determination from the main lines 1=4 has been made on
high-resolution photographs taken at LURE (resolution:

o

HWHM of 0.008 A ). Determination from main lines 1=7
has been made with a position sensitive detector (resolution:

o

HWHM of 0.010 A ). The straight line is a least square fit.
The small intercept at T=O K is not meaningful.

We have seen in Sec. IV that the fluctuations of an I3
unit around its average position are described by the pa-
rameter o related to the temperature by the relation (3),
cr =(ks Tlmv )d . The HWHM of the 1th lines is relat-
ed to o. in Eq. (6): Al =2~1 cr id T.he parameters cr

deduced from the HWHM of main lines 4 and 7 have
been plotted on Fig. 6 as a function of temperature. It
shows that both determinations give the same value of o.
and thus that relation (6) is kept throughout the tempera-
ture range. Furthermore, o. decreases linearly with tem-
perature as predicted by (3). o can be extrapolated at zero
for T=O K. Relation (3) leads to a sound velocity of
2290 ms ' at room temperature in the channel direction.
Measures down to 120 K on the mercury chain compound
have shown a similar behavior of the o. parameter. ' " In
E2PI& 6, o. saturates at about 100 K, perhaps because of
the quenching of the disorder.



35 X-RAY STUDY OF THE ORDER-DISORDER PHASE. . . 179

FICi. 7. Fixed-film crystal x-ray pattern of a DIPS@4(I3)076
single crystal taken at station D16 of LURE at 200 K (A, =1.58
A). The c axis is horizontal. Arrows point to intensity rein-

forcements on the first main line and its first harmonic of
modulation. Right-hand arrow points to the second harmonic
of modulation of the first main line.

j~q-:-

@PAL I

~4l .~

)75 K
NM%88~NNA I M

FIG. 8. X-ray pattern obtained in the same conditions as in

Fig. 7 but with T=175 K. Bragg reflections are visible on the
first main line and its satellites of modulation.

and that a second harmonic of modulation is now visible.
The x-ray pattern of Fig. 8 taken at 175 K shows that
these modulations have clearly condensed into Bragg re-
flections on the first main line and its satellites of modu-
lation. The long-range order is thus established. The in-
crease of lateral correlations when T decreases is well il-

lustrated on Fig. 9. The diffuse intensity along the first
main line has been recorded with a position sensitive
detector in the [110]direction. The scan obtained at 10 K
has a nearly Gaussian line shape. Its HWHM of 0.010
A ' corresponds to the experimental resolution measured
on a Bragg reflection of the host lattice.

The expression of the scattered intensity in a system of
coupled chains will be derived in part 2 of this section.
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Let us just mention here that it takes the form

I(q) ~$(q)=kgTX(q), (8)

H W' H M (A-1 )

0-05

At the critical wave vector q, for which X(q) diverges,
the quantity I/T measures the divergence. Figure 10(b)
shows by the plot of T/I that in the vicinity of T„P
follows the mean-field behavior X '~(T —T, ) with a
T, =182 K. In the vicinity of q„P(q)has generally a
Lorentzian shape. More explicitly for q =q, +6q in the
[110]direction, one has

x(q, )
x(q) =

1+('t6q

where gi is the correlation length in this direction. &he
temperature dependence of gz deduced from the data
after correction by the experimental resolution (Voigt pro-
file correction ) is given by Fig. 10(a). g~ varies from 18
A at 214 K to 83 A at 184 K. The transition temperature
T, can be deduced from a plot of this temperature varia-
tion by the mean-field result g~

' o: (T —T, )' . The best
fit leads also to a T, =182 K.

Bragg spots appear at the (h/2, k/2, l =1) positions

with h and k odd (see Sec. VIA3a), using the
(a*,b*,d*) reciprocal plane. The modulations on main
line l=2 are extremely weak and are not critical. Well-
defined Bragg reflections appear below 175 K at positions
(h, k, 1=2) with h and k integers.

The high intensity of the third main line authorized us

to follow the temperature dependence of its intensity
modulations as shown by the diffractometric scans of Fig.
11. Surprisingly, it shows at room temperature and below
broad maxima at positions which seem to be incommensu-
rate with respect to the DIPS@q lateral (a*,b*) reciprocal
plane. Its extreme spreading in directions perpendicular
to the c axis did not allow an accurate indexation of the
positions of the maxima (q, =qt, =+0.3la* on Fig. 11).
The HWHM is found to be temperature independent from
room temperature down to 130 K. It corresponds to a
very short correlation length of about 13 A. The ampli-
tude of the broad modulations grows by a factor 4 from
room temperature to 130 K. These features show that
this incommensurate phasing of iodine chains does not
behave critically when the temperature decreases. As
shown on Fig. 11, Bragg reflections appear around 150 K
at the positions ( h /2, k/2, I =3), with h and k odd, which
are clearly different from that of the broad maxima, but
which are identical to that shown by the first main line.
Below 130 K, the broad modulations are overwhelmed by
the Bragg reflections. Figure 11 shows that the Bragg
spots appear without sizable pretransitional critical fluc-
tuations on the third main line.
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0-01

'160 170 180 190 200 210 T{K)

T/I (arb. uni&s)
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2

170 180 190 200 T{K)

FICx. 10. (a) Half width at half maximum of the intensity
modulations of the first main line versus temperature (scans of
Fig. 9). A Voigt-type resolution correction has been applied.
The solid curve is a best fit with the mean field formula

g~ '~(T —T, )' with T, =182 K. (b) Temperature plot of the
inverse of the peak intensity of the modulation of the first iodine
main line corrected by the thermal population factor, T/I.
Solid line is a best fit by the mean-field formula + ' ~ (T —T, )

giving T, = 182 K.

2. Discussion

H = ——,
' gg f f v p(z z')p, i(z)p„(z')dzdz' —.

a P
(10)

These data clearly show that the phase transition under-
gone by the compound DIPS&P4(13)Q 76 cannot be classified
as a conventional structural phase transition where the
critical fluctuations are identical for every wave vector of
the reciprocal space where satellite reflections appear
below T, . Here, only the fluctuations observed on the
l= 1 main line (and associated satellite lines) are critical at
T, . The absence of sizable critical fluctuations on diffuse
sheets of high-l index was noticed before in Hg3 ~AsF6
[Ref. 14(b)], E~PI~ 6, and BzPIt 6 (Ref. 3).

Another unusual feature is the presence of two different
short-range orders describing two different ways of phas-
ing between the chains. Two competing ordering wave
vectors were also observed in Hg3 sAsF6 [Refs. 14(a) and
14(b)]. However, in this compound, they were understood
as reflecting the competition between parallel chain-chain
interactions and orthogonal chain-chain interactions. '

This is of course not the case in DIPS+4(I3)p 76 for which
all the chains are parallel.

These factors can be discussed in the framework of the
mean-field theory developed by Emery and Axe. ' The
interactions between the triiodide chains are supposed to
be Coulombic in nature. If p, (z) 1is the charge density
along the ath chain, the coupling energy between the
chains can be written as
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With a Fourier transform in the chain direction, it be-
comes

o.,~(q, ) = —,
' [1+2cos(q,5)] . (17)

H = —,
' g g J u ~(q, )p,~(q, )p~~( —q, )dq, .

a P

The intensity scattered by the coupled iodine chains is the
generalization of expression (5),

p,~(q, )=a,~(q, )p (q, ) (12)

At this stage it is useful to introduce the Fourier
transform of the particle (I3 unit) density on the ath
chain p (q, ), which is the quantity describing the phase
transition. Thus one has simply,

S(q) =S'(q, ) 1 — S' (q, )
B

I(q) =
~ f (q)

~

'S(q) .

The new structure factor is given by

(18)

where cr,~(q, ) is the Fourier transform of the charge distri-
bution on an I3 unit. In the classical approximation im-
plicitly considered in (8),

S(q)=(p(q)p( —q)) =k~T+(q) . (13)

This quantity is related to the x-ray scattered intensity by
expressions (4) and (5), where S(q) replaces S (q, ). In the
mean-field approximation, X(q) is given by'

&(q) =&'(q. ) ~[I—u(q)
l
a.i(q. )

l

'&'(q, ) l

with

(14)

u(q)= —gu p(q, )e
N

(15)

(N is the number of chains, R ~ describes the lateral posi-
tion of the chains. )

X (q, ) is the intrachain response function related to
S (q, ), defined in (2) by

S (q, )=kgTX (q, ) .

If one supposes that the ionic charge is equally distributed
upon the three atoms of a triiodide unit, one has '

where (S') (q, ) is the structure factor observed in absence
of lateral correlations [expression (4)].

Lateral correlations are described by the wave vectors
providing a minimum in the denominator of (18). Several
kinds of local order can be achieved for different values of
q, (i.e., line index) because of the presence of two compet-
ing parameters in (18):

(i) The coupling energy u(q): In the case of a Coulomb
interaction (even screened by the organic sublattice) this
quantity decreases with increasing q, component. '

(ii) The structure factor of 1D-liquid fluctuations
S' (q, ): It presents well-defined peaks centered at
q, = +2n.n /d and an important maximum for
q, =+6~/d. This behavior is due to the correlated nature
of the 1D liquid and to the charge distribution of an I3
unit (see Fig. 5).

The parameter u(q) favors the development of a short-
range order on the first diffuse line, while the parameter
S' (q, ) favors a different short-range order on the third
diffuse line. The q, variation of these two parameters is
probably so contrasted that only a very slight short-range
order is found on the second diffuse line. Main lines of
indices l&4 do not present sizable short-range order,
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which means that the right-hand side of the denominator
of (18) remains small compared to unity.

In DIPS@4(13)Q 76 the stabilization at T, of the critical
wave vector q, =(h/2, k/2, l = 1) with h and k odd
means that the divergence of (18) is achieved by the cou-
pling term v(q). We also reinvestigated the disordered
variety of TTT213+Q and found that at the difference of
DIPSd&4(13)o76 the fluctuations at q, =+6m. /d and not
that at q, =+2m/d are critical ( T, =170 K). In EzPI& 6,
an incommensurate short-range order is also observed at
room temperature for q, =+6~/d in the sample investi-
gated in Ref. 3. But these fluctuations do not lead to the
establishment of a long-range order at lower tempera-
tures.

VI. THE LOW- TEMPERATURE ORDERED PHASE

A. Experimental data

1. Order parameters

Below T„Braggspots progressively appear on lines of
higher index reflecting a progressive development of the
various Fourier components describing the long-range or-
der. On the x-ray pattern of Fig. 12 taken at 70 K, Bragg
spots are visible on all the observable main lines. The for-
mation of sharp Bragg reAections allow us now to see first
and second harmonics of modulation of more main lines.

It is important to notice that the diffuse scattering has
not disappeared below the temperature of transition.
Furthermore one can see on lines of high index that their
HWHM remains larger than the experimental resolution.
This important diffuse scattering is observed whatever the
cooling rate, thus excluding a quenching effect.

According to the theory of Ref. 16, the ordering pro-
cess of a chain can be described by the Fourier com-
ponents p(q, ) of the particle (I3 units) density in chain
direction. The average structure is accounted for by the
components at q, =+2~l/d where I is an integer. The

modulation due to the host lattice is brought in by the
components at q, =+2~l/d+2~n/c where l and n are in-
tegers. The low-temperature structure (see part 3) reveals
that all the chains are described by the same

~ p(q, )
~

but
with different phase shifts. The intensity of a Bragg re-
flection appearing on the lth main line is thus proportion-
al to

~
p(q, =2~l/d)

~

. We have plotted on Fig. 13 the
temperature dependence of Bragg reflection intensity of
main lines ranging from one to five. The (h, k) index of
the Bragg reflections of the iodine sublattice with respect
to the host lattice will be specified in part 3.

~
p(l = 1) I

increases nearly linearly from T, to 140 K. Below 130 K,
it remains practically constant. The deviation from
linearity around T, is due to an important critical scatter-
ing superimposed to the Bragg reflection, which enhances
slightly the peak intensity. The other components

~ p(l) ~

have a smoother behavior with ~p(3) ~, ~p(4) ~, and

~
p(5)

~

displaying very similar temperature dependences.
The intensity of the first harmonic of modulation of the
first main line (at 1=3.66) displays the same temperature
dependence as the Bragg reflections of the parent line
1=1 (Fig. 13). This behavior is consistent with that
shown by the pretransitional fluctuations.

It is interesting to correlate the temperature dependence
of the lth order parameter with that of the corresponding
diffuse line. For that purpose we have recorded as a func-
tion of temperature the profile of the diffuse lines midway
between the Bragg spots. This is exemplified by Fig. 15
for the third and fourth diffuse lines. We have plotted in
Fig. 14 the corresponding integrated intensity for the first
four main lines as a function of temperature. As expected
from the 1D-harmonic liquid theory, the integrated inten-
sity remains almost constant above T, . ' This feature is
well illustrated on Fig. 15 for the third main line; as the
temperature decreases, the HWHM decreases and the
peak intensity increases. Below T„onecan notice that
the intensity of a diffuse line and the intensity of the cor-
responding Bragg reflections have opposite behaviors. By
extrapolation at T=O K, we see that "1D-liquid" fluctua-
tions do not disappear.

2. Lat tice parameters

FIG. 12. X-ray pattern obtained in the same conditions as in
Fig. 7 but with T=70 K. Bragg reflections are visible on all the
diffuse lines.

The temperature dependences of the more relevant pa-
rameters of the crystal, d and c, have been determined (see
Fig. 16). Parameter c was precisely determined from
Bragg-reflection positions of the host lattice with the
low-temperature goniometer. The room temperature
value is c (300 K)=3.716 A in excellent agreement with
previous determinations. ' '" The low-temperature value
is c(13 K) =3.648 A and no anomaly appears at T, . Due
to the lack of long-range order of the triiodide chains
above T„the parameter d is much more difficult to mea-
sure precisely. It was determined on photographs from
the distance between main lines I= —3 and l=3 which
remain intense even at low temperature and are not too
broad. The precision is rather poor, about 0.5%. The
value at 13 K was precisely measured with the low-
temperature goniometer from the Bragg reAections posi-
tions of the iodine sublattice, d (13 K) =9.705 A. At this
temperature, the ratio of both parameters is:
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d/c
~

I3 K
——2.66. At the precision of our measurements,

the two periods are thus commensurate with d/c =8/3.
Although the precision on d is poor, it seems to remain
commensurate up to around 130—140 K.

It is interesting to notice that d remains practically con-
stant above T„which is consistent with an harmonic in-
teraction between I3 units within a channel.

3. Structure at 13 K

The low-temperature structure of the triiodide chains
sublattice has been determined by the analysis of 352-
Bragg-reflection intensities collected at 13 K. The data
collection was performed partly with a low-temperature
Weissenberg camera, partly with a three-circle goniometer
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on planes ( h k l) for I ranging from 1 to 7.
The average structure is deduced from the Bragg reflec-

tions collected on the main lines and the modulation by
the host lattice from the Bragg reflections of the satellites
lines.

a. Average structure. Within the accuracy of our mea-
surements the iodine sublattice keeps the tetragonal sym-
metry. The tetragonal axis is parallel to the c axis of the
host lattice d=9.705 A. It is possible to keep the a and b
axis of the host lattice to describe the iodine sublattice but
the repeat unit becomes 2a &&2a, a being the parameter of
the host lattice: a=19.60 A. In this unit cell, the extinc-
tion conditions are h'+1=2n +1 and k'+l =2m +1,
with n and m integers.

It is more convenient to use a smaller unit cell of pa-
rameters (a~2a, U 2,d) with the basis plane axis parallel
to the bisectors of the a, b axis of the host lattice unit cell.
The new extinction conditions are h "+k"+l =2n +1.
Every unit cell contains eight triiodide chains.

In addition to the phase of each iodine chain, four ad-
justable parameters were used. The position of the chan-
nel labeled 1 on Fig. 17 is described by its coordinates
(x,y) in the a+b and a —b directions, the triiodide mole-

cule is described by the parameter 5 already introduced in
Sec. IV and an isotropic Debye-Wailer factor is intro-
duced.

A reliability factor R = g ~

I,b, —I„~,
~
/ Q I,b, ——0.05

was obtained with the relative phase shifts shown on Figs.
17 and 18 and the following adjustable parameter.

(i) Position of the channels x=6.10 A and y=0, in per-
fect agreement with the room-temperature determina-

on 11, 12

(ii) The distance between two iodine atoms of an 13
unit is 6=3.00 A. This is the same value as the room-
temperature determination (see Sec. IV).

(iii) An isotro pic Debye-Weller factor B= 1.4 A
( Q,q

——0.33 A).
The space group of the iodine sublattice is I42d. The

corresponding unit cell with its symmetry elements is
represented in Fig. 18. It must be noted that the center of
inversion of the inversion tetrad is at z =d/8. The phase
ordering between the iodine chains shown on Figs. 17 and
18 is not yet understood. In principle, its determination at
T=O requires the knowledge of the Coulomb interaction,
more or less screened by the DIPS+4 columns, between an
iodine chain and its first neighbors. If one considers only
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the first Fourier component p(1) of the ionic density on
each chain, one readily sees that for symmetry reasons
there is no Coulomb interaction between a chain of phasis
0 or —,

' and the chains of phasis 4 and 4. A more com-
plex mechanism including the DIPS+4 columns or the
second-order Fourier component p(2) is necessary to get
an interaction between these chains.

b. Host lattice modulation. 154 Bragg reflections have

been collected on the additional lines. They correspond
only to indexes for which the molecular structure factor
of Iz units reinforces strongly the scattered intensity.
That is the case of the first harmonic of modulation of
main lines 1 (at l=3.66) and 4 (at 1=6.66) and only of the
second harmonic of modulation of main lines 1 (1=6.32).
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FIG. 16. Temperature dependence of the parameters c (a)
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FIG. 17. Low-temperature structure of the iodine sublattice.
The numbers give the positions of the triiodide units in the
channel direction in fraction of the triiodide chain parameter
d=9.705 A at T=10 K. The value of the parameter X is 6.10
A. The interrupted line gives the host lattice unit cell.
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We have found that the planes ( h k l = 3.66) and
(h k 1=6.66) of satellite reflections are merely the images
of the planes (h k 1= 1) and (h k 1=4) with only a scale
factor. The plane (h k /=6. 32) containing the second-
harmonic reflections of the plane ( h k 1= 1) is also its im-
age. It means that the amplitude of the modulation is the
same for all the chains and that the modulation is purely
polarized in the channel direction. This result can be easi-
ly understood because the external potential exercized by
the host lattice is the same for all chains.

As has been noted above, the iodine sublattice is com-
mensurate with the host lattice at low temperature. The
unit cell common to both lattices has the parameters
(aV2, av 2, 3d) or (av2, at/2, 8c). It can be easily shown
that the corresponding space group is I42d. The super-
structure intensities can be accounted for by a sinusoidal
displacement of the I3 units in chain direction of ampli-
tude p=0.23 A and wave vector c*=2~/c =16~/3d.
This value is about twice the room temperature value (see
Sec. IV). The general phase shift of the iodine sublattice
with respect to the organic matrix could not be deter-
mined as the DIPS@4 contribution to the superstructure
intensities is negligible.

The effective mean-field potential exercized on a chain by
its neighbors can be written as QI v(l)(p(l)), where v(l)
is the coupling defined in Sec. V.

As v(l) should rapidly decrease with increasing 1 (see
Sec. V), Emery-Axe theory retains only the first term
v(1)(p(1)). Furthermore, v(1) is supposed to be tem-
perature independent in their theory. (p(1)) is the pri-
mary order parameter found by self-consistency condi-
tion. ' Figure 19 displays the predicted temperature
dependence of

~
(p(l))

~

for 1 ranging from to 1 to 5.
Although the theory explains the progressive development
of the components

~
(p(1) ) ~, it predicts a growth much

less rapid than what is experimentally observed (Fig. 13).
As the distance between iodine atoms in the I3 anions
does not vary significantly between room temperature and
13 K (see paragraph VI A 3 a), this cannot be attributed to
an effect of molecular structure factor. Two explanations
can be proposed for this. The first one supposes that the
contribution of higher-order terms in the mean-field po-
tential is not negligible. In fact, this leads only to minor
changes in the temperature dependence unless this contri-
bution is very important. A second explanation is that
the coupling coefficient v(1) is temperature dependent.
As shown on Fig. 1 the interaction between triiodide
chains is a least partially mediated by the host lattice.
The coupling v (1) should thus depend upon the electronic
state of the DIPS+4 chains. Very crudely, and in rela-
tionship with the conductivity measurements performed
in Sec. III, a metallic stack should screen the interaction
more strongly than a semiconducting stack. Furthermore,
this coupling should increase with the increase of the elec-
trical gap [related to b,,rt shown in Fig. 2(b)). A further
hint in the physics of the phase transition comes from the
remark that the wave vector of the first Fourier com-
ponent of the particle density 2~/d is equal to the 2kF
vector of the 1D electronic gas of the DIPS+4 matrix.
This fact has been already pointed out in Ref. 9. It makes
a link between the iodine ordering process which is the ob-
ject of Secs. V and VI of this paper and a possible Peierls
distortion of the organic lattice which is characterized by
the conductivity measurements of Sec. III. With these in-
gredients one can propose the following mechanism: as

0.9

0.7

B. Discussion 0.5

1. Behavior of the order parameters

We can discuss these results in the framework of the
mean-field theory developed by Emery and Axe. ' lf one
neglects the modulation exercized by the host lattice, the
average particle density below T, can be written as

0.3

0.1

0.1 0.3 0.7 0.9
T/T

(p(z)) = g (p(l))exp
2i ~lz FIG-. 19. Temperature dependence of the square of the first

five order parameters given by the mean-field theory of Ref. 16.



35 X-RAY STUDY OF THE ORDER-DISORDER PHASE. . . 187

seen in Sec. V, ordering fluctuations develop significantly
on the first main diffuse line below 220 K. Their effect
on the DIPS+4 electronic gas is to provide a fluctuating
potential at the 2kF wave vector inducing Peierls pretran-
sitional effects. The formation of a pseudogap might be
responsible for the decrease of the electrical conductivity
below about 220 K [Fig. 2(a)]. At T„the apparition of a
long-range iodine potential at the wave vector 2kF induces
a Peierls transition on the DIPS44 chains, that is the
opening of a gap at +kF in the band structure. As (p(l))
develops, the potential exercized on the electronic gas in-
creases and thus the gap increases. In counterpart the
screening by the DIPS+4 chains of the triiodide interac-
tion is less effective. This leads to an increase of the tri-
iodide interchain interaction. The growth of the order pa-
rameters should be thus more rapid than predicted by the
Emery-Axe theory. However, Fig. 2(b) shows that b,,tt in-
creases more rapidly below about 150 K. Such an effect
might be due to an intrinsic Peierls distortion of the or-
ganic stack. Whatever its origin, the rapid increase of A, ff
strengthens the triiodide interchain interactions. This
might explain the saturation of (p(1)) and the faster
growth of the other Fourier components of the particle
density below this temperature. Numerical calculations
are in progress to explain quantitatively these features.

The effect of the commensurability has not been con-
sidered. As has been quoted above, it is difficult to find
out exactly at which temperature the system becomes
commensurate. However the phenomenon of the modula-
tion of the iodine sublattice by the host lattice remains
weak and should not play a driving role, because the order
of commensurability between the two sublattices (3d= 8c)
is high.

2. "Liquid fluctuations" below T,

The diffuse lines observed below T, correspond to the
scattering by the excitations of the system. No calcula-
tion of the dynamical structure factor S(q, co) or of the in-
stantaneous one S (q, t=0) has been performed below T, .
However, Emery and Axe theory predicts that the excita-
tion spectrum should mainly consist of soliton-antisoliton
pairs. ' In 1D liquids the excitations correspond to quasi-
phonons damped by the absence of long-range order. '

This damping accounts for the broadening of the diffuse
lines. Below T„the various Fourier components of the
long-range order develop progressively, but the propaga-
tion of the excitations along the channels remains prob-
ably damped as evidenced by the presence of still
broadened diffuse lines.

In Hg3 ~AsF6, one-dimensional acoustic quasiphonons
have been observed at room temperature. ' " Below the
120-K ordering phase transition, small gaps (-0.1 meV,
i.e., 1.2 K) develop in the Hg-chain phonon dispersion
relation. ' " lf a similar phenomenon occurs below T, in
DIPS@4(13)Q 76 with gaps of about the same order of mag-
nitude, the excitation modes are equally populated even at
very low temperature, giving rise to the observed x-ray
diffuse lines.

VII. CONCLUSION

DIPSC&4(13)o 76 ls a clear example of intercalated corn-
pound with an organic matrix delimiting parallel channels
filled with triiodide anions. At room temperature, the tri-
iodide chains are nearly decoupled and present the spatial
character of a 1D liquid (absence of long-range order).
We have shown that a very simple 1D harmonic liquid
model accounts well for the observed x-ray diffuse scatter-
ing. Furthermore, the position of I3 units in channel
direction is modulated by the external potential created by
the host lattice.

As the temperature is lowered, triiodide chains coupled
leading to an ordered phase below T, =182 K. The
development of the long-range order has been followed as
a function of temperature and the phase shift between the
chains has been determined.

Existing theory accounts for this behavior only qualita-
tively. ' A quantitative understanding requires a more
general theory including the coupling of the 2kF com-
ponent of the potential created by the iodine chains with
the degrees of freedom of the one-dimensional electronic
gas of the organic matrix. In this respect, DIPS&4(13)Q 76
is a model compound where a detailed study of the cou-
pling of positional degrees of freedom of the anion chains
with a Peierls instability of the organic chains could be
performed. Previously, the coupling between the electron-
ic degree of freedom of an organic chain and an external
potential due to orientational or spin degrees of freedom
was observed, respectively, in the tetramethyl-
tetraselenafulvalenium (TMTSF)zX series, with X a non-
centrosymmetric anion and (Perylene)qM(mnt)q series
with M=Pt, Pd on structural and electronic properties
and mnt signifying 1,2-dicyanoethylene-1, 2-dithiol. This
coupling led in some of these compounds to a 2kF distor-
tion of the organic stack.

Another class of intercalated iodine chain organic ma-
terials contains TTTzI3+$ EQPI~ 6, and BzPI& 6, where
there is one iodine chain per organic chain. In this case,
the first Fourier component of the 1D liquid corresponds
to the 4kF wave vector of the 1D electronic gas. The cou-
pling between the 1D liquid and the organic host lattice
should be thus very different, leading to a different tem-
perature dependence of the order parameters of those sys-
tems. As a hint, the conductivity of TTTzI3+~ still in-
creases well below the ordering temperature of the iodine
sublattice (about 170 K), ' showing that the electronic
properties of the organic stack are not substantially modi-
fied by the structural phase transition.
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