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Abstract 

According to the literature, T M A - T C N Q - I  crystals 
show a monocl in ic  organic host lattice and a triclinic 
iodine lattice. The structure is a packing of  parallel  
segregated regular columns of  the three ions. The 
compound  undergoes successively a 'meta l - insula tor '  
phase transi t ion (T  l - 1 5 0 K )  associated with a 
Peierls-like lattice distortion and a less well under- 
stood structural t ransi t ion ( T 2 ~ 9 5  K). The present 
paper  provides a new descript ion of  the 300 K struc- 
ture of T M A - T C N Q - I  and its structural evolution 
with temperature.  Crystal lographic  data include X- 
ray and neutron diffraction results as well as those 
of  the first successful electron-microdiffraction study 
of  such an organic conductor.  It is shown that the 
organic and  the iodine lattice are both triclinic 
twinned and with non-paral le l  axes. The T C N Q  
columns are thus no longer regular but weakly dimer- 
ized. From examinat ion  of  the neutron intensities of  
a number  of  satellite reflections, the lattice distortion 
below TI is found to be main ly  transverse ( --- 0.06 A). 
It is hel icoidal  along the y axis with pitch 3b with 
right section an ellipse of  major  axis parallel  to a. 
Three phase transitions,  instead of  two presently rec- 
ognized, have been characterized as follows: TI "- 
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150 K: satellites with the wave vector + ( a * ,  b*/3,  
c*); T 2 - 9 5  K: the wave vector is now + (s~a *, b*/3, 
c*) with ~ cont inuously increasing from 0 to a locking 
value ~:t = ~ at T3 "~ 65 K. Lastly, the irradiat ion effect 
on the iodine lattice and the charge-density waves 
are described. 

Introduction 

Crystals of  the ternary salts of  the general  
formula  [R-(CHa)2N+H]3(TCNQ)2-(I3) - are one- 
d imens iona l  (1D) conductors;  which have a 'meta l -  
insulator '  phase transit ion at high temperature.  This 
behaviour  is associated with the existence of  parallel  
columns of  T C N Q -  molecular  ions. These salts are 
also isostructural (Dupuis ,  Flandrois ,  Delhaes  & 
Coulon,  1978); this characteristic h a s  already made  
it possible to establish the influence of  Coulombic  
interactions between columns ,on their transport  
properties, and in part icular  on the 'meta l - insula tor '  
t ransit ion temperature (Coulon,  Flandrois,  Delhaes,  
Hauw & Dupuis ,  1981). 

T M A  + (TCNQ)2/3-(I3)I/S, the first salt in this series 
to be synthesized, is also the one most studied to date. 
Its longi tudinal  electrical conductivity is relatively 
modest  and varies significantly from sample to sample  
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(0°11300 K : 20 to 40 f~-~ cm-~). Its behaviour as a func- 
tion of temperature shows an anomaly at T -  150 K, 
and has either a very broad maximum at about 240 K 
(Abkowitz, Epstein, Griffiths, Miller & Slade, 1977), 
or a saturation in the vicinity of ambient temperature 
(Cougrand, Flandrois, Delhaes, Chasseau, Gaultier 
& Miane, 1976). 

The structural analysis of the first samples of TMA- 
TCNQ-I synthesized (Cougrand et al., 1976; Filhol, 
Rovira, Hauw, Gaultier, Chasseau & Dupuis, 1979; 
Filhol & Gaultier, 1980) indicated the existence of 
an ordered host lattice ( A ) of monoclinic symmetry 
(TMA + and TCNQ- molecular ion lattice) and of a 
disordered lattice (B) attributed to the iodine atoms. 
Thus the X-ray diffraction patterns showed the pres- 
ence of lattice (A) Bragg spots and diffuse layers of 
high intensity parallel to the plane a ' c*  of the organic 
lattice and modulated in the direction a*. In the 
proposed formalism the periods of the iodine and 
organic lattices were bi* =2b* along the chain axis 
and the structure of the lattice (B) had thus been 
determined on the hypothesis that lattices (A) and 
(B) were of identical symmetry, using a model of 
statistical position disorder. Independently of this, 
the quantitative analysis of the diffuse scattering had 
led to a description of the iodine chains and of the 
interchain disorder (Filhol et al., 1979). 

Samples showing a quasi-ordered iodine lattice 
were subsequently synthesized. Coppens, Leung, 
Murphy, Tilborg, Epstein & Miller (1980) then 
showed that the lattice symmetry (B) of the iodines 
is triclinic but they did not cast doubt on the mono- 
clinic symmetry of the organic lattice. 

In fact none of the above descriptions of the struc- 
ture is really satisfactory. They all show columns of 
TCNQ anions characterized by a regular, zigzag type 
stacking with excellent overlap of adjacent molecules 
and a small interplanar distance (3.22 A at 300 K), 
although the longitudinal electrical conductivity is 
poor in comparison with that of other TCNQ salts 
having regular stacking, such as: O'113O0K--200 
l) -l cm -~ for acridinium (TCNQ)2; 100 I) -~ cm -~ for 
quinolinium (TCNQ)2; 200f~ -~ cm -I for N-methyl- 
phenazinium TCNQ (Shchegolev, 1972). Another 
surprising aspect of the pt 9posed structure is the fact 
that the TCNQ molecular ions are strictly planar and 
parallel, as they are located on mirror planes rn of 
the monoclinic lattice of symmetry C2/m.  The TMA 
cations are themselves very symmetrical. In fact this 
is not in accordance with the observation that TCNQ 
anions are non-planar and more or less inclined to 
the stacking axis for the majority of TCNQ salts of 
known structure. 

Here we present new X-ray and neutron diffraction 
data on samples with quasi-3D order, and results of 
electron microdiffraction giving the crystallographic 
information necessary for a more satisfactory descrip- 
tion of the structure of TMA-TCNQ-I.  In earlier 

studies this information was masked by the disorder 
of the iodine lattice. The new structure proposed casts 
doubt on the monoclinic symmetry of the organic 
lattice (and therefore on the high symmetry of the 
molecular ions) and permits a much easier interpreta- 
tion of the relationship between physical and struc- 
tural properties of the compound. 

Experimental part 

Three types of samples were studied: (i) totally hydro- 
genated [TMA-TCNQ-I(hI4)]; (ii) totally deuter- 
ated: [(TMA-TCNQ-I(d~4)]; (iii) partly deuterated: 
[TMA(h~o)-TCNQ(d4)-I]. In all cases, the single 
crystals were obtained by controlled cooling of a 
saturated solution of the compound in acetonitrile. 

X-ray diffraction 

X-ray diffraction patterns of the TMA-TCNQ-I 
samples were first recorded at room temperature by 
film methods in order to characterize both sublattices. 
All sample types (i, ii, iii) give a diffraction pattern 
characteristic of a quasi-3D-ordered structure, i.e. the 
iodine sublattice, Bragg reflections on which low 
diffuse scattering intensity is superimposed. An 
investigation carried out in the temperature range 
100-300 K (Laue, Weissenberg and precession 
cameras) made it possible to follow the structural 
trend and in particular showed the existence of clear 
superstructure reflections at 100 K. This contrasts 
with the earlier studies which dealt with crystals show- 
ing a disordered iodine lattice. 

Electron diffraction 

Electron microdiffraction gives information com- 
parable with that from X-ray diffraction. However, it 
permits the study of crystalline areas of very small 
dimensions (a few hundred A) and the detection of 
structural phenomena of very low intensity. In addi- 
tion the short wavelength of the electrons (Ae= 
0.0054 ~ with an accelerating voltage of 2000 kV) 
makes it possible to observe a large area of reciprocal 
space. 

The study of TMA-TCNQ-I was particularly inten- 
ded to show satellites linked with lattice distortion 
associated with the 'metal-insulator' transition 
(TM~ "" 150 K) and their change as a function of tem- 
perature and irradiation dose. The experiments were 
carried out between 40 and 300K on the 3 MeV 
electron microscope (Laboratoire d'Optique Elec- 
tronique at Toulouse) equipped with a liquid-helium- 
cooled sample holder. The high electron accelerating 
voltages (1000 and 2000 kV) were used to attenuate 
the irradiation effects which tend to destroy the crys- 
talline structure of the organic compounds. The 
intensity of the electron beam is l04 times weaker 
than that corresponding to the usual observation con- 



58 THE ONE-DIMENSIONAL ORGANIC CONDUCTOR TMA-TCNQ-I  

ditions in electron microscopy, its value being close 
to 1.6x10 - S A c m  -2 (i.e. 10 - 2 e A - 2 s - l )  on the 
specimen. 

Neutron diffraction 

As iodine atoms are not large neutron scatterers, 
only the Bragg reflections due to the organic lattice 
are of notable intensity, and the information obtained 
therefore mainly concerns organic columns. 

At low temperatures, crystals of type (i) had already 
been examined with the aid of a Weissenberg neutron 
camera (Instrument D12 at the Institut Laue- 
Langevin at Grenoble) and of a four-circle neutron 
diffractometer (Instrument D8, ILL) by Filhol, Gal- 
lois, Laugier, Dupuis & Coulon (1982). Additional 
measurements on D8 with similar experimental con- 
ditions in the temperature range 65 to 150 K made it 
possible to collect the integrated intensities of 50 
satellites at 100 K, to specify the change in intensity 
and displacement of these satellites with temperature, 
and also to determine the cell parameters of the 
various phases observed at low temperature. 

Structural description of TMA-TCNQ-I  at room 
temperature 

The  examination of ordered iodine lattice (3D) 
samples results in a new description of the structure, 
which as we shall see, in conjunction with the study 
of the interactions between conducting chains, makes 
it possible to explain the physical or structural 
behaviour as a function of temperature. 

3 D iodine lattice: unit cell and twin 

Precession photographs with the axes a, b and c 
of the monoclinic cell C 2 / m  of the crystal, being in 
turn oriented parallel to the beam axis, showed that 
the iodine lattice (B) is triclinic. It is also observed 
that the iodine atom lattice is twinned (Fig. 1 a). Each 
(hkl)B, reflection has a corresponding (hkl)~,, reflec- 
tion of comparable intensity, in a symmetrical posi- 
tion in relation to the plane a'c*.  The Bragg reflec- 
tions of these two iodine lattices are regrouped in 
pairs on the layers situated at (3n+ 1)b* (distance 
between two reflections of a given pair: a*/3; distance 
between two neigbbouring pairs: 2a*/3) but 
rigorously superimposed on the layers (3n)b*. This 
observation, not mentioned by Coppens et al. (1980) 
but given by Coulon (1983), is common to all the 
samples we have examined and therefore seems to 
be a specific characteristic of our material. The crys- 
talline domains are such that their respective direc- 
tions bl and planes b~c[ are common to both lattices, 
their directions a~ being symmetrical to b~ (Fig. 1 b). 

The cell of the iodine lattice thus described contains 
two independent columns of iodine atoms parallel to 
the axis bt, situated respectively at 0y0 and ~ 1 ~y~. The 

centres of gravity of the I~ ions, of periodicity b~, are 
b/4 (i.e. bJ6)  from the TCNQ planes. They are either 
above (columns 0y0, 0yl ,  ½Y½) or below (columns 
ly0, l y l )  the TCNQ plane located at y = 0 .  The 
parameters of the triclinic cell of the iodine lattice 
(B) are: al = 10.67, bi = 9.68, cl = 25.24 ,~, al = 90.00, 
fll =93.6, y~ = 107.6 °. In comparison with the C 2 / m  
structure previously proposed, the direction a~ situ- 
ated in the plane is inclined by 17-6 ° to a, the direc- 
tions b and b~ being combined, and the angle between 
the directions c and c~ is close to 21.4 ° (Fig. 2a and 
b). These results are in agreement with those of Cop- 
pens et al. (1980). 

Redefinition of  the organic lattice 

The coexistence of a twinned iodine (B) sublattice 
and a non-twinned host lattice (A) appears somewhat 
improbable. We have therefore proposed the 
existence of a twin of the same type for the lattice 
(A), a hypothesis which is justified a posteriori by the 
fact that it is necessary to the interpretation of the 
results for the low-temperature phases of the com- 
pound. 

The introduction of the a 'c*  twin plane for the 
lattice (A) leads us to consider the triclinic cell 
described in Table I. The Bragg reflections of the 

b~ta3 " ' "  I ( B ' )  

ono 

(a) 

,,) 

(b) 

Fig. 1. (a) Plane hkO of the ordered iodine lattice (B), showing 
the twin. The a* directions for each domain are indistinguish- 
able, the b* directions are symmetrical with respect to a*. (b) 
Twin of the iodine lattice (B). Definition in real space of the 
axial system of  each domain. 
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reciprocal lattices (A') and (A") of the two crystalline 
domains are rigorously superimposed in pairs but are 
not  equivalent .  They  c o r r e s p o n d  to the respect ive  
indices  ( h, k, l) A, a n d  ( h + k, k, l) A,, (Fig. 3). In o ther  
words  the monoc l in i c  lat t ice C 2 / m  used  up  to the 
presen t  co r r e sponds  to the supe r impos i t i on  o f  two 
l o w e r - s y m m e t r y  lattices a n d  the a r r a n g e m e n t  o f  the 
mo lecu la r  ions T C N Q ,  desc r ibed  in the monoc l in i c  
cell, is the re fo re  a ' m e a n '  a r r angemen t .  The triclinic 
s y m m e t r y  i tself  no longer  requires  the T C N Q  to be 
p lanar ,  equ id i s t an t  in the co lumns  and  p e r p e n d i c u l a r  
to b (omiss ion  o f  mi r ro r  m) ,  a n d  the s tacking  in the 
co lumns  is the re fo re  no longer  strictly regu la r  but  is 
d imer ized .  This d imer iza t ion  is not  very marked ,  as 
is shown  by the the rmal  a tomic  mot ion  el l ipsoids  

CI (~,,) (-%) 

Z 

V --x 
,. \ / £ . .  

(a) 

b I q ~ . . ~  o 

T- 
i 

bTdN[ 

.JL ~ . - 0 -  Q TCNQ 

8 

(b) 

Fig. 2. (a) Projection along b of the structure of TMA-TCNQ-I. 
Monoclinic organic unit cell (thick line) and definition of the 
triclinic unit cell of the iodine lattice (thin line). O: Centres of 
mass of the 13 ions. a I = ½(a- -  b)  ; a I outside the monoclinic ac 
plane, bl =~b; bl parallel to b. ei=a/2+2e;  c[ in the ac plane. 
(b) Positions of the I3 ions with respect to the TCNQ planes 
(thick line) perpendicular to the b direction: b~ and b are col- 
linear, a~ is inclined at 17.6 ° to a. O: centres of mass of the I~ 
ions of the column 0y0, ly0 and 0yl. ©: centres of mass of the 
13 ions of the columns ½, y, 1. 

Table  1. Unit-cell parameters  o f  T M A - T C N Q - I  in 
the old ( monoclinic ) and  new .( triclinic ) symmetry  

Monoclinic 
C2/ rn 

symmetry* Triclinic symmetry 

300 K 300 K 100 K 
a (,~) 20.353 10.676 10.632 
b (,~) 6.456 6.456 6.364 
c (/~) 13.922 13.922 13.703 
a (o) 90"0 90-0 90"0 
/3 (o) 115"2 113"9 113"2 
3, (o) 90"0 107"6 108"2 
V (/~3) 1655-0 827"7 801.7 

65 K 
10.570 
6.355 

13.660 
90.7 

112.9 
107.4 
796.7 

* Filhol et aL (1979). 

ca lcu la ted  in the s y m m e t r y  C 2 / m  (Fi lhol  et al., 1979) 
which  have  no m a j o r  anomal ies .  

In this new s t ructura l  mode l ,  the axes o f  the cell 
o f  the o rgan ic  latt ice (A)  a n d  o f  the cell o f  the iodine  
latt ice (B)  are not  paral le l .  Us ing  subscr ip ts  t a n d  I 
for  tr icl inic lattices (A)  and  (B)  respect ively  o f  a 
given crystal  doma in ,  a, is paral le l  to al, and  b, is 
para l le l  to bl and  the c o r r e s p o n d i n g  per iods  are com- 
mensu rab l e :  a, = a]; b, = ~bl. The di rect ions  c, and  el 
are s e p a r a t e d  by 21.40°;  c, = ½(e l -a~-½bl ) .  This new 
a p p r o a c h  to the  s t ruc ture  o f  the organic  latt ice of  
T M A - T C N Q - I  is more  sa t i s fac tory  as regards  the 
s t ruc tura l  obse rva t ions  effected on o ther  T C N Q  salts 
and  takes  be t te r  accoun t  o f  the relat ively low longi- 
tud ina l  electric conduc t iv i ty  of  the c o m p o u n d .  In fact  
the ana logy  can be m a d e  in pa r t i cu la r  with the salts 
of  the radica l  ca t ion  T M T T F  (F landro i s ,  Cou lon ,  
Delhaes ,  C h a s s e a u ,  H a u w ,  Gaul t ie r ,  Fab re  & Gira l ,  
1981), which  exhibi t  bo th  a d imer ized  s tacking  and  
a 1D metal l ic  b e h a v i o u r  which  is the more  m a r k e d  
the s t ronger  the in te rcha in  in teract ions .  This agrees  
with the obse rva t ion  for  T M A - T C N Q - I  o f  very 
m a r k e d  1 D e lect ronic  cha rac t e r  and  slightly metal l ic  
b e h a v i o u r  (Fi lhol  et al., 1982). 

N e w  approach to the quas i -1D ordered iodine lattice 

The analys is  by X- ray  scat ter ing o f  the d i so rde r  
affect ing the  iodine  chains  has  a l r eady  been  pub l i shed  

Ct.~, 

~ b~mono 

Fig. 3. Organic reciprocal lattice (A). The Bragg reflections of the 
twins (A') and (A") are superimposed in pairs, but the corre- 
sponding Miller indices are different. 



60 THE ONE-DIMENSIONAL ORGANIC CONDUCTOR TMA-TCNQ-I  

by Filhol et al. (1979). This was based on the evalu- 
ation of the relative intensities of the diffuse layer 
lines measured on a rotating b-axis crystal pattern. 
In the model proposed by the authors, the longi- 
tudinal displacement was assumed to be random (no 
interchain correlations) and was described by two 
parameters d and e indicating respectively the pres- 
ence of I3 ions and of the shift of the chains relative 
to the mean position. The results obtained appear 
satisfactory (I3 ions of length d = 6 . 0 0 A ;  distance 
between ions: 3.68 ,~, and displacement e - 0 . 0 8  A) 
but do not explain either the existence of two families 
of diffuse layers of different types or the modulation 
of their intensity in the a* direction. 

A first family L~ of layers, situated at (3n + 1 )2b*/3, 
presents maxima of intensity spaced at 2a*. The layer 
lines L2 situated at (3n)2b*/3 show maxima also 
spaced by 2a*, but shifted by a* from the previous 
ones and superimposed on continuous diffuse scatter- 
ing. These layers (Fig. 4) show a considerable differ- 
ence in the distribution of the diffuse scattering. These 
observations are now explained by the co-existence 
of crystalline domains (B') and (B") of the twin. 

In the case of disordered crystals, the Bragg spots 
on a reciprocal plane are replaced by diffuse spots. 
On the layers Ll, these spots are partially superim- 
posed to give longer diffuse regions with a maximum 
of intensity at (n+~)a*, the periodicity a* of which 
leads to an identical modulation of diffuse intensity 
for each layer line. For the layers of type L2, the 
diffuse spots of each sublattice are superimposed 
resulting in more localized diffuse intensity of which 
the maximum is at na* and has the same periodicty 
as layers Ll. 

These diffuse layer lines L~ and L2 have an intensity 
modulated only along a*, indicating the existence of 
short-range correlations (several iodine chains) in the 
direction a and the absence of correlations along c. 
On the other hand the diffuse layer lines are not 
broader than the Bragg peaks and the axial coherence 

I 

t 

2 

V "' ' - .  

r ' - .~ > 

a~ L1 L2 

K 

-~I(B') 

= b%ooo 

Fig. 4. hkO plane of  the disordered iodine lattice. "['he analogy 
with the plane hkO of the ordered lattice (Fig. l a) facilitates the 
comprehension of the diffuse scattering characterizing the layer 
groups L l and L 2. Layers L]: the maxima are at (n +~)a*. Layers 
L2: the maxima are at ha*. 

length of the iodine chains is thus very high. This last 
observation is in contrast with an erroneous value 
(150+30A)  previously proposed by Filhol et al. 
(1979). 

Structural changes in the organic lattice with 
temperature 

The variation with temperature of the physical 
properties of ordered iodine lattice TMA-TCNQ-I  
shows two anomalies (Fig. 5). The first (T~-  150 K), 
found particularly in the course of the study of elec- 
trical conductivity, was attributed to a 'metal-insu- 
lator' phase transition by Coulon et al. (1981). The 
second (T2---90 K), corresponding to a marked 
minimum of Young's modulus at this temperature, 
was attributed by Brill, Epstein & Miller (1979) to 
the freezing out of the methyl groups of the TMA 
cation. 

Temperature dependence of  the wave vector q of  the 
lattice distortion 

The structural transitions at T~ and T2 were first 
analysed by Filhol et al. (1982), and in more detail 
by Gallois, Gaultier, Pouget, Coulon & Filhol (1983) 
and Gallois, Coulon, Pouget, Filhol & Dupuis (1984). 

For T < T~, the neutron diffraction data (Filhol et 
al., 1982) show for the 3D-order compound the 
existence of superstructure reflections of low 
intensity. The components of wave vector q associated 
with the distortion of the lattice, expressed in mono- 
clinic and triclinic cells, are (a*, +b*/3, c*) and 
"(+a*/6, ±b*/3,  c*) respectively. The superstructure 
intensities are at a maximum at about 100 K. 

Electron microdiffraction observations have con- 
firmed the above results: the satellites are clearly 
visible on the photographs obtained for T <  150 K 

Eo 

".. I 
~?,. (h) 
i" ..... .... 

"....... 

I .... 

90K L~,,,,/1150 K, i ~  
100 200 300 T (K) 

oT 
o 295K 

Fig. 5. Physical properties of T M A - T C N Q - I  as a function of 
temperature. (a) Electrical conductivity parallel to the chain 
axis of the ordered compound,  and anomaly at T ~ I 5 0  K 
(according to Abkowitz et al., 1977). (b) Changes in the Young 
modulus and anomaly at T2~90 K (according to Brill et al., 
1979). 
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(Fig. 6a and b). This technique has provided access 
to two new items of information: 

(a) At 100 K there are additional low-intensity 
reflections at 0, +2b*/3,  0 (Fig. 6); these are visible 
for numerous sample orientations, except for the 
plane a ' b * .  They could correspond to satellite or 
harmonics of the TCNQ lattice rather than of the 

' iodine lattice since their a* component is zero. 
(b) The appearance below 95 K of a non-zero 

component along a* of the wave vector. The analysis 
of the patterns obtained between 40 and 100 K shows 
that ~ changes continuously (Fig. 7) from ~ = 0 to a 
limiting value ~ l -  (~+0-016) reached at - 7 0  K. Filhol 
et al. (1982) pointed out a considerable decrease in 
satellite intensity below 100 K. We thus confirm that, 

Table 2. Satellite wave-vector changes as a function o f  
temperature 

Monoclinic C2/m 
Triclinic symmetry symmetry 

1 , 150 K> T>95 K ( -ga , ,  +b*/3, c*) ±(a*, b*/3, c*) 
95 K> T>65 K (~'a*, +b*/3, c*) (~a*, ±b*/3, c*) 

' o < , f < - ~  ~<6'<~ 
T<-65 K (m*/12, ±b*/3, e*) (a*/6, ±b*/3,c*) 

among the hypotheses advanced by these authors to 
explain this surprising result, the truncating effect 
associated with the displacement of the wave vector 
of satellites is the correct one. 

Neutron-diffraction measurements subsequently 
confirmed that the wave-vector component ~ along 
a* assumes a non-zero value from 7"2 = 95 + l  K to 
T a = 6 5 + l  K where it locks on the value ~t= 
(0.161+0.006) (Fig. 7). These last measurements have 
also confirmed, in agreement with the results obtained 
by electron microdiffraction, that the satellite dis- 
placement is limited to the a ' b *  plane, since no c* 
component  has been discovered. The changes in the 
wave vector as a function of temperature, expressed 
in both the monoclinic and triclinic reference axes, 
are summarized in Table 2. 

For T >  150 K, whatever the diffraction technique 
used,  we were not able to show pre-transitional 
effects. However, in neutron diffraction the changes 
in intensity of the superstructure reflections as a func- 
tion of the temperature (Filhol et al., 1982) show that 
the intensity is not zero between 150 and 170 K. This 
observation suggests the existence of precursors, the 

Fig. 6. Electron microdiffraction diagram of TMA-TC NQ-I  taken 
at 2000kV. (a)  T~ISOK:  plane {[401] . b*}. The diffraction 
peaks of  the iodine lattice (hollow arrows) are at ~b* from the 
organic lattice ones. (b) T~105 K: plane {[401]. b*}. The satel- 
lites (solid arrows) are visible at +}b* and are accompanied by 
a second series of  reflections at + ~b* (fine hollow arrows) with 
the same component  in the direction [401]. 
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Fig. 7. Changes in the a* component  (~) of the distortion wave 
vector as a function of temperature. Curves (a) and (b) obtained 
by electron microdiffraction correspond to measurements made 
on two different crystals. Curve (c) shows neutron diffraction 
results. (The difference found in temperature between electron 
microdiffraction and neutron diffraction may be explained by 
poor thermal contact between sample and sample holder, in the 
case of  the former technique.) 
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ID or 3D character of which has not been clarified 
by this method while pre-transitional effects have 
finally been observed by X-ray scattering (Coulon, 
1983; Gallois et al., 1983). Surprisingly for this type 
of transition, they are three-dimensional, present over 
a very small temperature range and not very intense, 
this being interpreted as a consequence of a linear 
coupling between fluctuations of the order parameter 
of the organic chain distortion and iodine lattice 
fluctuations (soft mode at b*/3). The lattice distortion 
at T~---150 K is then, according to the authors, a 
'generalized' Peierls transition. 

Cell evolution 

The cell parameters, corresponding to the reflec- 
tions of the organic lattice (A), evolve continuously 
down to T2-95 K with, however, a change of slope 
at T~ = 150 K reported by Coulon et al. (1981). The 
cell parameters at 100 and 300 K, referred to the 
triclinic cell, are indicated in Table 1. In this tem- 
perature range, only fl, and % vary significantly (0.8 
and 0.6 ° respectively), implying a relative longi- 
tudinal shift of the adjacent columns in the a 
direction. 

At T2--95 K, neutron diffraction shows a splitting 
of the Bragg reflections of the principal lattice (A) 
and of the superstructure reflections.t This splitting 
occurs not only in the c* direction as indicated by 
Filhol et al. (1982) but also in the a* direction. This 
corresponds to a change in the cell of lattice (A): the 
(hkl)A, and (h + k,/~, I)A- reflections of the two twin 
domains are no longer strictly superimposed. The 
parameters of the triclinic twin (in Table 1) show that 
the splitting of the reciprocal-lattice points corre- 
sponds for T~65 K to angular variations Aa* and 
Ay* of 0.65 and 0.5 ° respectively. The b* axis is 
inclined by 0.64 ° in relation to its position when 
T >  7"2; the angle between the directions b* for each 
domain is then 1.30 °. 

These observations are confirmed by the results of 
electron microdiffraction. The diffraction pattern in 
Fig. 8 shows clearly each area defined by its own 
'Laue zone' [high-intensity reflections corresponding 
to the intersection of planes (a*b*),l and (a*b*)t2 
with the Ewald sphere], and the superstructure associ- 
ated with each of them. a*~ and a*2 are in opposite 

directions so that the component s r along a* of the 
wave vector is inverted. The angle formed by the two 
planes can be deduced from the relation: 

AO=(Dw, wJDB)OB 

where Dw, w2 represents the distance between the 
curves of each zone axis and where DB is the 
distance between the central spot and the hkl spot of 
the Bragg angle 0B. The value obtained (AO--- 1-27 °) 
(Granier, 1982; Granier & Ayroles, 1983) is in good 
agreement with that from neutron diffraction 
(AO-- 1.30°). 

In direct space the variation of cell parameters 
involves essentially the parameters a and a, and to 
a lesser extent/3 and y, and is interpreted by a relative 
slip of TCNQ columns, parallel to b. For the 
homologous columns in the a direction it is approxi- 
mately 0.05/1,; for the homologous columns in the c 
direction it is close to 0.15 A. 

The transition at T2 ~ 95 K affects essentially the 
elastic properties of the compound. It is probably of 
the order-disorder type associated with the thermally 
activated motion of the TMA cation. There is an 
associated modification of the organic lattice (A), 
which can only be readily interpreted in the 
hypothesis of the twin, and a displacement of the 
wave vector of the distortion. In addition, Gallois et 
al. (1983) have shown that this second transition also 
introduces a doubling of the periodicity of the iodine 
lattice (B). Finally the transition at T3 "" 65 K corre- 
sponds to the locking of the distortion wave vector 

~a* Below this temperature, the at the value srt=- . 

o 

4 0 K  . • 

• • " . • . . 

~. .  " , ~  

a D . . 

• . . . , . , , . . ,  , = . .  

• • 

• . . ' Y Q ;  - ". • " o .  e " . .  

• ( ~ ) "  

l O 0 0 k V  

? In addition to the well known anomaly at T ~  150 K in the 
electrical properties o f T M A - T C N Q - I ,  Ikari, Jandl & Aubin (1983) 
have observed a second anomaly at 82 K (decreasing T) and 85 K 
(increasing T). This is ~10  K less than our value for T 2 and such 
a discrepancy seems beyond the estimated experimental error bars 
(crystal temperature ±0.5 K, transition temperature ±3 K). This 
suggests that structural and electrical anomalies have different 
origins or that sample effects (iodine disorder, purity, etc...) on 
T 2 are large. The coincidence or non-coincidence of  the starting 
temperatures of  the reflection splitting and the a* shift of  the 
superlattice wave-vector parameter ~ may also be discussed. From 
our data both temperatures are indistinguishable within error bars. 

Fig. 8. Electron-diffraction diagram taken at a voltage of  1000 kV; 
T ~ 4 0  K. Each area (I) and (II) is characterized by the corre- 
spondingplane a'b* and * * axlbn. Solid arrows: the superstructure 
spots relative to twin (I); hollow arrows: superstructure spots 
corresponding to twin (II). Their a* components of  the super- 
structure spots of  domains (I) and (II) are opposed and sym- 
metrical with respect to the direction b* of  the monoclinic lattice. 
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distortion wave vector and the new direction b* of 
the iodine lattice (B) are collinear. The T2 -'- 95 K and 
T3-65  K transitions certainly originate in the 
strengthening of the couplings between chains of 
molecular ions and chains of iodine atoms, when the 
temperature falls. 

Description o f  distortion at T = 100 K 

The lattice distortion below TI may be described 
for each TCNQ column as the resultant of three 
orthogonal Ai waves, one polarized longitudinally 
(AEHa), the two others transversely. The respective 
amplitudes and directions can be deduced from the 
intensities of the superstructure reflections (Guinier, 
1964).t 

A preliminary analysis has been carried out under 
the hypothesis of a sinusoidal distortion affecting the 
TCNQ columns. If ITCNO is the contribution of the 
TCNQ structure factors to the intensity of a main 
reflection, and if s is the scattering vector of com- 
ponents s,,, Sb and st of the satellite point associated 
with this reflection, the superstructure intensity/sat is 
then given by the relation: 

l /sat 
E ( A i .  s ) 2 - - - - ~  x - (1 )  

i "IT ITCNQ 

The vectors A~ and s are expresssed in the 
orthogonal reference axes a*, b*, a*a b*= e of the 
initial monoclinic lattices; the angle X betweeen a* 
and At determines the position of the orthogonal 
triplet (A~, A2, A3) in which (Fig. 9a): 

A t .  s = A~s~ cos X + Asst  sin X 

A 2 . S = A2s b 

A3 • s = - Aasa sin X + A3st cos X. 

The preceding relation (1) is then written: 

2 2+A2sEb 2 2 2 s~)-sin2x(s, ,st)]  Als~ + A3sc+{[sinE x ( s a  - 

X (a32-a2)} 

1 I~at 
- 2 x ( 2 )  

"IT /TCNQ 

The intensities of some superstructure reflections, 
and the corresponding main reflections, were 
measured by Filhol et al. (1982), by neutron diffrac- 
tion. From these data we have calculated the relative 
contribution of the TCNQ to the total intensity on 
the basis of structural data at 100 K, adopting a mean 
Debye factor of 1.62 A 2 for iodine, and 1.3, 0.95 and 
2.2 A 2 for the atoms of nitrogen, carbon and hydrogen 

tHere  a rigid displacement of  molecules with no phase relations 
between the three orthogonal waves is assumed. Another approach 
is possible (Yamaji, Megtert & Com~s, 1981; Yamaji, Pouget, 
Comrs & Bechgaard, 1983) which considers only one wave with 
three components thus leading to satellite intensities containing 
interferences between the various components. 

Table 3. Data for  first approach to distortion o f  lattice 
at 1 O0 K - list o f  reflections measured 

Main Adjacent 
reflections satellites FTCNQ/FTOTAL /sat/ITCNQ 

10 0 2 10 1/3 2 0.669 0.016 
9 1 6 9 4/3 6 0.620 0.034 

11 1 5 11 4/3 5 1-053 0.018 
6 2 4 6 7/3 4 0.748 0.020 
5 3 1 5 8/3 1 0.897 0.031 

11 3 5 11 8/3 5 0-850 0.017 

appearing in the TCNQ groups and 1.5, 2.16 and 
4.8 ~2 for those in the TMA groups. Table 3 gives 
the list of reflections taken into consideration in the 
calculation, the contribution of the TCNQ to the 
structure factors and the ratio Isat/ITcNO. 

The most probable solution of equation (2) is 
obtained for(Fig. 9b): IA,I ~-0, IA21-0, IA31- 0"06 A; 
X = -57"3°. 

The distortion observed in numerous 1D conduc- 
tors such as HMTTF-TCNQ (Megtert, Pouget, 
Com~s, Garito, Bechgaard, Fabre & Giral, 1978) or 
TTF-TCNQ and TSeF-TCNQ (Khanna, Pouget, 
Com~s, Ganto & Heeger, 1977) have a large longi- 
tudinal component. More recently the analysis of 
diffuse scattering performed in TSeF-TCNQ (Yamaji 
et al., 1981) and in HMTSeF-TCNQ (Yamaji et al., 
1983) showed that the major displacement is in fact 
along the long directions of the tilted molecules where 
it combines coherently longitudinal and transverse 
components. In contrast in TMA-TCNQ-I  to a first 

bob* 

S ~ . . ~  ~ 0 ~ 

A~ f~,,'~ v -A~ 
C ¢-~, 

(a )  

¢ c ~ 

x =sT.3A 's .. 

(b) 

Fig. 9. (a) Distortion of the organic lattice (A) for T <  T~: defini- 
tion of the reference axes of  the components of  the deformation 
wave Ai and A3 (transverse), A2 (longitudinal) and orientation 
in relation to the axes of the direct (a, b, c) and reciprocal (a*, 
b*, c*) monoclinic unit cell. (b) Distortion of  the organic lattice: 
orientation of  the transverse wave A3 which is preponderant in 
the distortion of  the columns of  TCNQ anions. 
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approximation there is no longitudinally polarized 
wave (IA21-0) leading to a modulation of the inter- 
planar spacing. The distortion is thus essentially 
described by the single w a v e  A 3 perpendicular to the 
long molecular axis (c5) of the TCNQ. The displace- 
ment of each TCNQ in the direction A 3 determined 
by the angle X is given by the equation: 

d = A 3 sin (2zrqy), 

where y represents the position of the TCNQ ion 
under consideration in a cell of periodicity 3b. 

A more precise description of the distortion was 
sought on the above hypothesis, from a new set of 
data on neutron intensities measured at 100 K (32 
main reflections and 42 adjacent satellites). However, 
with this model it is not possible to account entirely 
satisfactorily for the intensities of satellites, and we 
have therefore used a method of rigid-body least- 
squares refinement* to estimate the individual dis- 
placement of the TCNQ groups. The previous model 
was used as a basis to limit the number of parameters 
to be refined. 

The cell studied is triclinic PT of periods a, 3b, c 
and thus contains six TCNQ moieties per column. 
The distortion is assumed to affect only the TCNQ 
stacks. As no satellite has been observed for the 
reflections 0k0, despite considerable counting times, 
their intensity (/sat) may be considered to a first 
approximation as zero; the relation (2) then gives 
IA212 = 0. However, as the satellites at + q of the reflec- 
tions 0k0 can be observed by electron microdiffrac- 
tion, a very small longitudinal component A2 exists; 
it is clearly negligible in comparison with the trans- 
verse components. The refinement is thus on the most 
probable displacements only, i.e. the translations in 
the ac plane of TCNQ molecular ions. 

* O R L O N  program (Andr6, Fourme & Renaud, 1971). 

1 
! 

j / "  . ~ I 

; s j ... 

. _ _ -  I 

"~ .  I 
/z-. -- - - . ~  

~ -7 L// 

(a) (b) (c) 
Fig. 10. Schematic illustration for a period b'= 3b of the transla- 

tion components of the TCNQ species within one column. (a) 
In the a direction of the monoclinic lattice. (b) In the e direction 
of the same lattice. (c) Resulting helicoidal distortion. 

Table 4. Observed values of displacements (/ix and 
/iz) of  TCNQ (labelled in Fig. 10) barycentres, in 

relation to the axis of the chains 

/ix and /iz (in fractions of unit cell) characterize the translations 
in the a and c directions of the PT unit cell under consideration. 

TCNQ 
moieties Ax( × 103) Az( x 103) 

1 -0.2 -! .0  
2 -2-5 +0.6 
3 +2.5 +0.6 
4 -2.5 -0.6 
5 +0.1 +1.0 
6 +2.5 -0-6 

The results obtained are shown in Table 4 and 
correspond to a final reliability factor R =  
[Y~llFol-lFcll/YlFol] of "--0"04. Fig. 10 shows trans- 
verse displacements of TCNQ in the directions a and 
c, which may be described to a first approximation 
as being of sinusoidal type. The equations of these 
displacements are thus of the form: 

Ax = A sin 2zrqy with A = 0"06 A 

Az = B cos 2zrqy with B = 0-01 A 

and the distortion is helicoidal along the y axis with 
pitch 3 b, and its right section is an ellipse with a major 
axis parallel to a. In other words, the resulting dis- 
placements (Fig. 11) are opposed in pairs (groups 1 
& 5, 2 & 6, 3 & 4), nearly perpendicular to the long 
molecular axis for TCNQ molecules 2 & 6 and 3 & 
4, and of lower amplitude and parallel to the direction 
c for the TCNQ 1 & 5. 

The description of the distortion proposed here is, 
however, not complete. Electron microdiffraction 
(Granier & Ayroles, 1982, 1983) has in fact shown 
the presence at ±2b*/3 of satellite harmonics. These 
harmonics were not observed in neutron diffraction 
and were therefore not taken into account in the 
calculation. The collection of a larger number of 
superstructure intensities would make it possible to 
eliminate the original hypotheses limiting the number 
of parameters to be refined and thus to include in the 
calculation the possible rotation of TCNQ groups 
and displacements of TMA groups. 

C a 

 Y'l" o z0t. 

Fig. i 1. Resultant direction for each TCNQ labelled in Fig. 10, of 
displacements in the monoclinic ac  plane. 
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Effects of  electron irradiation: loss o f  three-dimensional 
order 

The organic crystals are very sensitive to electron 
irradiation, so that their observation by electron 
microdiffraction requires special precautions. In 
addition the observation of the superstructure associ- 
ated with the Peierls distortion is still more sensitive 
to the concentration of defects in the crystal (Zup- 
piroli & Bouffard, 1980; Zuppiroli, Mutka & 
Bouffard, 1982). It was therefore necessary to study 
the values of the accelerating voltages (Thomas, 
Humphreys, Duff & Grubb, 1970; Dupouy, 1974) and 
of the temperature (Salih & Cosslett, 1975-1976), 
which were most favourable to the observation. Only 
at high voltage was it possible conveniently to observe 
superstructure spots as in this case the radiation dose 
received by the crystal during a photographic 
exposure time (30 s) may be reduced below the critical 
doses as discussed in the following. 

The photographs in Fig. 12, taken at a voltage of 
1000 kV, show for T---40 K the changes in superstruc- 
ture reflections as a function of the irradiation 

. . . . .  D O.S mC/Cm2o  

• • • . . . 

• . , • • . . . .  • • 

• " " • ~JNID' • 0 

4 . . . .  • • 

Table 5. Maximum electron doses (D) (in mC cm -2) 
for avoidance of  loss of  coherence between the charge 
density waves, as a function of  the acceleraiton voltage 

80 K 40 K 

1000 kV 2.0 5.5 
2000 kV 3"5 8"5 

received by the sample. The satellites (arrows) evolve 
into weak diffuse streaks (1D order) perpendicular 
to the b* direction, as the irradiation dose increases. 
This diffusion indicates a loss of the long-range order 
between charge-density waves carded by the TCNQ 
organic chain following the formation of defects 
(Zuppiroli & Bouffard, 1980). An electron dose above 
5.5 mC cm -2 (or 3.6 e/1, -2) destroys all transverse 
local coherence and only the main reflections can still 
be observed. At higher temperature, T =  80 K (Fig. 
12a), the three-dimensional order is destroyed by an 
irradiation dose two and a half times less. 

Table 5 indicates - for the working voltages 1000 
and 2000kV used - the critical dose values in 
mC cm -2 determined for two different temperatures: 
40 and 80 K. 

. . . . . .  0 . 2 _ m _ _ _ '  :0  C ~ m  

. c O - • . . . .  

" - e O o . . . e •  

" . o . e e • ~  

. . . . .  o .2.s. m c/~.~. 

• • • • . . , ,  . . . 

• • • o ~ e • • 

' ,ooo ,v . . . .  8"oI  
(a) (b) 

Fig. 12. Electron-ditiraction pattern at 1000 kV of  plane a'b*. 
Changes in intensity of  the superstructure spots as a function 
of  the quantity of  electrons received by the object. The diffuse 
streaks are weak and are clear only on the original photographs. 
(a)  T--80 K. (b) T - 4 0  K. 

Changes in and importance of the degree of iodine order 

The conditions of synthesis and of crystal growth of 
the material have a considerable influence on the 
degree of order of the iodine lattice• The structural 
arrangement of the iodines for two types of samples 
has been described: 

- those where the iodine has a quasi 1D order, with 
a large longitudinal coherence length; 

- those  where the iodine lattice is triply periodic 
(3D order) with, however, a slight residual amount 
of 1D disorder; rigorous 3D order was not observed 
on any diffraction photographs. 

Filhol et al. (1979) showed I~hat the diffuse layer 
lines characteristic of a ID order of lattice (B) do 
not change as a function of temperature between 100 
and 300 K, and as a result no significant change of 
degree of order was found in this temperature range• 
The 3D order of lattice (B) is less stable and may be 
destroyed when the crystal is subjected to constraints• 
In fact the 3D order decreases: 

- progressively if the crystal is subjected to repeated 
thermal cycles. A dozen of these are suflicient to 
establish quasi- I D ordering presenting strong correla- 
tions in the a direction. 

- i f  the crystal is subjected to electron bombard- 
ment at room temperature. A crystal placed in a high 
electron flux under 100kV for several seconds 
acquires a 1D order in which the correlations are 
nevertheless weaker than in the above case. 

As shown by X-ray and electron diffraction experi- 
ments, the disordered iodine lattice samples do not 
exhibit the distortion at Tt as already mentioned by 
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some of us (Gallois et al., 1983). This is true whether 
the disorder is due to the method of preparing the 
samples or to the application of a constraint. This 
observation suggests that the condition of the appear- 
ance of a distortion in the lattice is the existence of 
a triperiodic iodine lattice. Nevertheless it has not 
been possible to establish more precisely the relations 
between the superstructure and the degree of  iodine 
order. 

The authors are very indebted to P. Dupuis 
(Laboratoire de Chimie Physique Macromolrculaire, 
Nancy, France) who kindly provided the samples and 
thank C. Coulon (Centre de Recherche Paul Pascal, 
Talence, France) for very helpful discussions. 
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Abstract 

X-ray diffraction patterns of  the title compound reveal 
long-range, short-range and disorder phenomena due 
to different interactions between and within two sub- 
lattices which are incommensurate with one another. 
A prominent system of diffuse layer lines is due to 
chain-like inclusions of  polyiodide anions. At room 
temperature doubled and sixfold superperiods along 
the chains are superimposed. The organic matrix 

shows a fourfold superstructure along the stacking 
direction. Lateral correlations are of  both short- and 
long-range type. The description in a frame of uncor- 
related sublattices becomes worse at low temperatures 
(~< 190 K). The main diffuse system has been analysed 
in terms of  one-dimensional liquid models. The best 
quantitative agreement was found for an asymmetric 
distribution function of  next-nearest 13 units, which 
is intermediate between the classical Zernike-Prins 
model and a symmetric Gaussian qlistribution. The 
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