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X-ray diffuse-scattering studies on tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ) above the 54-
K phase transitions reveal two types of one-dimensional scattering at the wave vector 0.295b» (earlier
assigned to the 2kF wave vector) and at 0.59b» (corresponding to twice the former wave vector) which can
be attributed to two different anomalies in the phonon dispersion spectrum. Both act as precursor effects for
the lower-temperature modulated phases. The two anomalies are remarkably different in their temperature
dependence and the polarization of the involved phonon modes. The larger wave-vector anomaly (4k~) is

already visible at room temperature, sharpens slowly when the temperature is decreased, and condenses at a
temperature lower than 54 K. The anomaly at 0.295b», on the contrary, only becomes visible below 150 K,
sharpens rapidly with decreasing temperature, and is the first to condense at 54 K into the earlier reported
2a X 3.4b X c-modulated lattice. The 0.295b» anomaly corresponds to a polarization with a longitudinal
component along b» and a transverse component along c». The 0.59b» anomaly on the contrary has a
strictly longitudinal polarization directed along b». The occurrence of both polarizations (b» and c») does
not affect the interpretation in terms of charge-density waves, as both of these components modify the
intermolecular spacing in chain direction because of the tilt angle of the molecules in the stacks. In
agreement with independent experimental data, it is suggested that the 54-K phase transition is due to the
condensation of the transverse component of the 2k„anomaly, while the 49-K phase transition corresponds to
the condensation of both longitudinal anomalies (2kF and 4kF).

I. INTRODUCTION

The discovery of real physical systems exhibit-
ing the properties of quasi-one-dimensional metals
have attracted considerable attention because of
the well-known instabilities associated with a one-
dimensional (1-D) electron gas."' Much progress
has been made toward clarification of the general
trends of the experimental properties of 1-D con-
ductors from the investigations of the prototype
Krogmann salt K,Pt(CN), Br~„xH,O (KCP).' This
compound has indeed the appealing feature of pos-
sessing only one type of conducting stack, and
should therefore exhibit the simplest genuine prop-
erties of such 1 -D systems. However, as in the
case for all the other presently known single-stack
conductors, KCP has a built-in disorder which
complicates a detailed understanding of its prop-
erties. ' The only known well-ordered 1-D con-
ductors are the organic charge transfer salts,
which by definition possess two different types of
conducting stacks and therefore much richer
properties. However, the two-stack systems are
more complex and require detailed study in order
to unravel the respective contributions fro'm each
type of stack. The most recent investigations on
tetrathiafulvalene-tetracyanoquinodimethane (TTF-

TCNQ) are particularly relevant in this respect.
TTF-TCNQ crystallizes indeed in regular segre-

gated stacks of TCNQ acceptors and TTF donors. ~

A series of dc electrical transport, ' microwave, '
and optical studies' have clearly established the
1-D properties of TTF-TCNQ in the metallic state.
From the earliest data, it was suggested that the
behavior of TTF-TCNQ was associated with a
Peierls instability of the 1-D metallic system, in
which a phonon mode is driven soft by the diver-
gent response of the electron gas at the wave vec-
tor q= 2k~. ' Since the initial x-ray diffuse-scat-
tering reports' of the existence of the expected low-
temperature modulated lattice and Peierls transi-
tion in TTF-TCNQ, there have been a number of
important studies of the structural properties per-
formed both with neutron scattering and x-ray
scattering which have in particular characterized
several low-temperature phases and shed some
light on the high-temperature precursors. '~"

The structural studies have now established that
TTF-TCNQ undergoes a sequence of three suc-
cessive phase transitions at 54, 49, and 38 K, re-
spectively. The 54-K phase transition coincides
in particular with the rapid drop of the electrical
conductivity', it is believed to be the metal-in-
sulator transition to a high-dielectric-constant
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semiconductor, ' but the successive phase transi-
tions which possiMy correspond to the successive
ordering of the two different molecular stacks"'"
might alter this interpretation. The 38-K transi-
tion, which was first suggested from high-pres-
sure experiments, "was determined to be of first
order with the surprisingly large hysteresis of 1
at such low temperatures. " The 49-K phase tran-
sition is a more subtle one; it was only predicted
from a "two chain" Ginsburg-&~ndau analysis" of
the initial data, "and clearly established from ad-
ditional high-resolution neutron scattering experi-
ments. " Subsequent NMR experiments on "C-lab-
eled molecules" and dc conductivity experiments
have further observed anomalies around 49 K."
Very recent specific-heat anomalies" which have
extended the earlier data" have further clearly
revealed anomalies at 54, 49, and 38 K, giving
an unambiguous experimental confirmation that
we deal with three real phase transitions in the
full sense of such a term.

This sequence of phase transitions has been ap-
proached theoretically in terms of two chain mod-
els"'" in which the two different types of stacks
become modulated at different temperatures.
Such descriptions have already received some ex-
perimental support, "'"but a clear confirmation
from a structural analysis is still lacking because
of the difficulties involved in collecting sufficient
data.

These experimental difficulties due to weak in-
tensities are even greater above 54 K. In the ear-
lier x-ray diffuse-scattering measurements, the
1-D precursor effects, attributed to the M„giant
1-D Kohn anomaly, were barely observable and
only brieQy described. Subsequent very careful
inelastic neutron scattering experiments"" have
succeeded, in spite of the unfavorable conditions
imposed by the size of the available single crys-
tals, in clearly establishing the existence of a pho-
non anomaly at the wave vector q = 2k~= 0.295b*,
occurring surprisingly in a transverse-acoustic
branch and only developing well below 150 K. The
apparent very sharp longitudinal phonon anomaly
at room temperature reported in a previous in-
dependent investigation'~ is now attributed to a
completely different effect arising from spin-den-
sity wave excitations. " These neutron scattering
measurements could however be performed in only
one Brillouin zone because of the very tight inten-
sity conditions, so the 1-D nature of the phonon
anomaly was therefore only assumed. The con-
vincing evidence of this 1-D character was shown
in two independent recent x-ray investigations,
respectively, performed by photographic methods"
and counter detection. " The improved experi-
mental conditions further revealed the existence

of an additional 1-D precursor scattering at the
wave vector q'= 40+=0.59b* (or 0.4lb* in the re-
duced zone} which was shown to be an additional
genuine and puzzling feature observed to date only
in TTF-TCNQ.

The purpose of the present paper is to give a
detailed report of the x-ray diffuse-scattering
photographic investigation of TTF-TCNQ. After
a description of the experimental conditions and
difficulties, the results are presented with em-
phasis on the study of the high-temperature pre-
cursor effects in Sec. III (Figs. 1-8), and with use-
ful complementary informations on the low-tem-
perature modulated phases in Sec. IV (Figs. 9 and
10). The results are discussed in Sec. V (Figs.
11-13), and concluding remarks are given in Sec.
VI.

II. EXPERIMENTAL

As in the previous x-ray investigations of TTF-
TCNQ, the present study was carried out with the
fixed film, fixed crystal method, the principle of
which is briefly described elsewhere. " Since the
earlier x-ray study, ' the experimental efficiency
has been considerably improved. The original
aluminium window of our x-ray camera was re-
placed by a less absorbing large-size beryllium
window, allowing the use of the more intense Cu
Ko radiation (X= 1.54 A), instead of Mo Ko (0.709
A) used in the preceding study. Such a higher
wavelength is more suitable for the study of weakly
absorbing material such as TTF-TCNQ, which in
addition has relatively large lattice constants. The
cryocooled low-temperature camera, originally
built for the use of planar films, was transformed
into a cylindrical one, and the beryllium window
consequently was cylindrically bent. This cylin-
drical camera allowed observations at larger
scattering angles (up to 130' in the equatorial
plane), where the intensity is higher if due to
displacive correlations, as expected from pho-
non anomalies. The initial doubly bent lithium
fluoride monochromator was replaced by a dou-
bly bent UCAR (Union Carbide Corp )pyrolitic.
graphite monochromator having higher reflec-
tivity [(002} reflections). The collimation was se-
lected to give the highest possible intensity with an
acceptable resolution of about 0.04 A ' around a 60'
scattering angle, as was determined from mea-
surements on powder samples. These modifica-
tions resulted in an effective gain in intensity by a
factor of the order of 25, which was obtained by
comparing the exposure times needed to get pat-
terns comparable in intensity with the earlier in-
vestigations.

A semiguantitative analysis of the intensity of
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the 1-D diffuse scattering was carried out using
a Joyce-Loeble microdensitometer. The extreme
weakness of the diffuse streaks, compared to the
film background (mainly due to the unperturbed
phonons), necessitated the use of a strong ab-
sorbing filter on the reference beam of this in-
strument. With this setup, the cleanest parts of
a series of temperature-dependent patterns could
be usefully scanned to yield readings such as those
shown in Figs. 2 and 8.

The temperature was lowered using a CTI "cryo-
dyne cryocooler, "and regulated within 0.2 K.
However, the determination of the absolute tem-
perature of the sample itself was difficult at the
lower and higher limits of the experimental tem-
perature range (10-300 K}. The TTF-TCNQ sam-
ple was glued with silver paint on the cryocooler
cold finger centered on the axis of the cylindrical
camera. In order to avoid parasitic scattering,
the photographic film was directly placed on the
beryllium window; for the same reason, no ther-
mal screen could be placed between the cooled
sample and the beryllium window which was at
room temperature. As a consequence, a substan-
tial difference between the temperature measured
at the massive cold finger and the actual sample
temperature was observed. Using the well-studied
54-K transition of TTF-TCNQ, the temperature
could be calibrated by the onset of the satellite
superlattice reflections with a precision of about
0.5 K. This calibration allowed an acceptable de-
termination of the sample temperature around
54 K, but prevented accurate measurements con-
cerning the modification of the modulated lattices
between 54 and 38 K. At 54 K, an error of several
degrees in the absolute temperature was found.
This error, decreasing with increasing tempera-
ture, will not affect substantially the conclusions
concerning the genera'. temperature dependence of
the 1-D scattering.

High-quality, untwinned crystals (typically 5 x 1
x 0.10 mm}, identical to the ones used in the pre-
vious x-ray and neutron studies, were used. Sev-
eral 100% deuterated, as well as normal proto-
nated single crystals, showed identical results.

III. EXPERIMENTAL RESULTS ON THE HIGH-

TEMPERATURE PRECURSORS

A. I-D regime, T&60'K

Figure 1(a) shows a diffuse x-ray scattering pat-
tern taken at 60 K. Besides the usual. broad spots
due to small wave-vector acoustic phonons and
some well defined Bragg reflections, two kinds of
diffuse lines are clearly visible. They originate
from intensity at reciprocal points located in two

150K

I IO K' 220K

4 d

F&G. 1. Diffuse x-ray patterns of TTF- TCNQ in the
undistorted conducting phase {T&54 K). The sample is
oriented with the b* and c* directions in the equatorial
plane, the angle between the incident x-ray beam and
b* being 124'. The rings observed around the incident
beam are powder parasites from the sample holder.
Bragg spots with 0.5 b* components are due to the ~X
contamination from the continuous spectrum of the
x-ray source, which is also reQected by the mono-
chromator. (a) 60 K: The satellite diffuse sheets are
clearly visible at the wave vectors {0.295+ 0.02) b~
identified as 2k+ (black arrows) and (0.59+ 0.02)b*,
the latter corresponding to 0.4lb* in the reduced zone,
identified as 4k+ (white arrows); (b) 110 K: The 2k+
scattering has decreased in intensity and is broadened,
whereas the 4k& scattering remains sharp; (c) 150 K:
The 2k& scattering is undetectable by eye and only 4k&
scattering is visible; (d) 220 K: The 4k& scattering is
still clearly visiblp.

different sets of satellite sheets. One set, indi-
cated by black arrows, has a wave-vector compo-
nent in chain direction of q= 0.295b earlier as-
signed to 2k~ and corresponds to the previously
reported Kohn anomaly. Another set, indicated
by white arrows, has a wave-vector component in
chain direction of 0.41b* (or 0.59b~ in the extended
zone), that is to say, twice the wave vector of the
former set and therefore assigned to 4k~. '""

The photographic patterns of Fig. 1 show that
both the 2k~ and 4k~ scattering increase in inten-
sity with increasing scattering angle, demonstrat-
ing that they both arise from displacive modula-
tions of the TTF and TCNQ molecular positions.

Both the 2k„and 4k~ scatterings appear as in-
terrupted diffuse lines unlike the continuous diffuse
lines observed in the case of the 1-D platinum con-
ductpr KCP a, 2,26 Closex inspectjpn pf Fig. 1 shpws
the intensity of the diffuse sheets follows substan-
tially the intensity distribution of the Bragg peaks
(or acoustic phonon clouds) from the undistorted
3-D main lattice. This correlation shows that the
intensity distribution of the 1-D scattering follows
the form factor of the TTF and TCNQ molecules.
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1. Temperature dependence of the 2kF and 4k+ scattering

As observable in Fig. 1(a), around 60 K, both
the 2k„and 4k~ scatterings are sharp and of com-
parable intensity. These common features are
however progressively lost when the temperature
is increased.

With increasing temperature, the 2k+ scattering
progressively broadens in the chain direction and

rapidly decreases in intensity as is clearly shown

in the pattern of Fig. 1(b) taken at 110 K. Above
150 K [Figs. 1(c) and l(d)], the 2k+ scattering is
no longer detectable by eye. Microdensitometer
readings of such photographic patterns are ex-
tremely difficult to obtain because of the high back-
ground. It is only in a clean and low background
area corresponding to the (412) zone, that a series
of patterns over the temperature range 60-300 K
could be usefully scanned. The results are illus-
trated in the representative scans of Fig. 2, which
give a more quantitative measure of the tempera-
ture dependence of the diffuse scattering. It is re-
markable that above 150 K (scans at 180, 240, and
300 K), a weak break in the slope of the scattering
at about the same wave vector as the low-tempera-
ture 2k~ scattering is clearly visible. The micro-
densitometer scans shown in Fig. 2, and in particu-
lar the subsistence of a very weak 2k~ anomaly up
to room temperature, is in excellent agreement
with the independent x-ray counter investigation. "

On the other hand, the 4k~ scattering shows an
entirely different behavior. It remains relatively
sharp and intense up to room temperature as
shown in the patterns of Figs. 1(c) and 1(d), and
further shifts slightly in position; these features
are clearly observable in Fig. 2.

A semiquantitative analysis can be performed
from such microdensitometer scans of the photo-
graphic patterns. This provides an evaluation of
the 1-D scattering relative to the background which
is mainly due to the unperturbed phonons. If the
assumption is made that the 1-D scattering arises
solely from dynamical anomalies in the phonon
spectrum, the associated intensity maximum rela-
tive to the background is proportional to keT(1/~'
—I/&u', ), where &g, and &g are the frequencies of the
bare and renormalized phonons, respectively (this
neglects all other phonons except one branch show-
ing an anomaly). The temperature dependences of
the intensity maxima of the 2k~ and 4k' scatterings
which are obtained at the points (-3.6a*, 2.705b*,
2.05c*) and (-3.6a~, 2.41b*,1.25c*) are shown to-
gether in Fig. 3, showing more precisely the very
different behavior of the two types of 1-D scatter-
ing. These differences are also reflected in the
temperature dependences of the HWHM [half width
at half maximum in chain direction of the 2k~ and
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FIG. 3. Temperature dependence of the peak intensity
of the 2 k& and the 4k+ scatterings recorded by micro-
densitometer at the points (- 3.6, 2.705, 2.05) and
(-3.6, 2.41, 1.25). The ordinate is plotted as 1/T in
order to eliminate the temperature dependence of the
phonon population factor, which is proportional to kT
for low-frequency phonons.

FIG. 2. Microdensitometer scans of the 2k& and the
4k+ scattering intensities at several temperatures. The
k, k, /, values corresponding to the scans are indicated
on the figure. The scans clearly demonstrate the rapid
decrease in the intensity and the broadening of the 2k+
scattering between 60 and 300 K; a very weak anomaly
still persists up to room temperature in the vicinity of
2k+. The intensity of the 4k+ scattering has much less
temperature dependence, but there is a slight shift in
the position in the two higher temperature scans; this
shift is in agreement with the x-ray counter investiga-
tion (Ref. 15). The numbers on the right-hand side of
the higher-temperature scans are normalizing factors
in order to scale with the lower-temperature readings.
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4k+ scatterings (Fig. 4)). With a Lorentzian reso-
lution correction, the inverse HWHM yields a cor-
relation length along the chains direction of ap-
proximately 100 A near 60 K for both types of
scattering. For the 4k~ scattering, this value de-
creases slowly with increasing temperature to ap-
proximately 9 A at room temperature. The 2k~
correlation length decreases rapidly to approxi-
mately 5 A near 150 K, becoming immeasurably
small at higher temperatures.

Within experimental error (+0.02b*), the posi-
tion of the 2k~ diffuse sheet (wave vector equal to
0.295b~) is temperature independent below 150 K.
Above 150 K, if the break in the slope of the back-
ground scattering visible in Fig. 2 clearly shows
the existence of a weak 2k~ scattering, its pre-
cise position cannot be determined. This impos-
sibility reflects the physical fact that a weak in-
tensity is likely to arise from a broad anomaly, as
observed for instance by neutron scattering in the
longitudinal phonon branch and around 0.295b*.

In the case of the 4k„scattering, the position
can be followed up to room temperature. It is
found that the wave vector in the chain direction
changes from the low-temperature value 0.41b* to
0.45b* at room temperature, in agreement with
the x-ray counter measurements. " Figure 5 fur-
ther suggests this change occurs in the tempera-
ture region around 200 K, calling for detailed
studies of the electronic properties in this tem-
perature range.

2. Polarization of the 2k+ and 4k+ scattering

The patterns of Fig. 1 clearly show, as already
mentioned, that the diffuse scattering arises from
displacive modulations. However, these patterns
alone do not provide a unique assignment of the
polarization components of the displacive modula-
tions. This question of the polarization of the
atomic displacements involved in the charge den-
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FIG. 4. Temperature dependence of the half width at
half maximum (HWHM) for the 2k+ and the 4k& scat-
terings taken from the microdensitometer scans; same
as used in Fig. 3.
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siiy waves of TTF-TCNQ is somewhat unclear
from the previous studies. Preliminary structure
factor calculations on the low-temperature 2k~
satellites (T& 38 K) first suggested the presence
of both longitudinal and transverse (c~) compo-
nents for the 2k~ modulations. " The already men-
tioned inelastic neutron measurements simultan-
eously clearly demonstrated the development of a
sharp 2k~ phonon anomaly below 150 K in the
transverse (c*) branch for phonons propagating in
chain direction, but also the existence of a shallow
2k~ anomaly in the longitudinal branch at room
temperature which could not be followed towards
lower temperature because of lacking intensity. "'"
The x-ray counter investigation which covered both
the 2k~ and 4k~ scattering concluded that the 2k~
scattering had mainly a transverse (c*) polariza-
tion, while the 4k~ scattering appeared to have a
strictly longitudinal one." This situation moti-
vated a systematic study of the polarizations of the
2k~ and 4k~ scatterings in the present measure-
ments, using several characteristic crystal orien-
tations. Figure 6 illustrates for two typical cases
the orientation of the reciprocal lattice in the
equatorial plane, together with its intersection
with the Ewald sphere. Figure 6 easily allows the
determination of the scattering vectors Q = ha*
+ kb*+ Lc* on the correponding patterns shown in
Fig. 7 taken at 60 K.

These patterns, respectively, display principal
components of the scattering vector in the b*-c*
(Okl) and b*-a* (hk0) reciprocal planes. In each
pattern, along the vertical h* axis [I= 0 in Fig.
7(a) and h=0 in Fig. 7(b)], both the 2k~ and 4k+
scattering are directly observed. As the scattered
intensity from phonons or any displacive correla-
tions is proportional to (Q u)', where u is the dis-
placement vector, this establishes the existence
of a longitudinal component in chain direction for
each type of scattering. The comparable intensity
of the two types of scattering along the vertical b*

TTF-TCNQ
POSITION OF 4kF SCATTERIN(y

2.50-

K ~~o~ ~
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I
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FIG. 5. Temperature dependence of the position of
the 4k+ scattering. Note that the shift takes place only
around 200 K.
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axis further indicates similar amplitudes for both
longitudinal components at 60 K.

Figure V(a) reveals in addition that the intensity
of the 2k~ scattering increases with increasing c*
component of the scattering vector. This is par-
ticularly striking for the 2k~ sheets which lie
closest to the equatorial plane (Oa*, + 0.295b*, lc*)
for which the longitudinal component has a negli-
gible contribution to the intensity, thus clearly
showing the existence of a transverse c* compo-
nent of the polarization of the 2k~ scattering. [For
phonons propagating along the b* direction, a sym-
metry analysis shows that one can separate the
spectrum between pure longitudinal and transverse
modes. But this analysis cannot fix a particular

direction for the polarization of the transverse
modes. The experimental results show only that
the 2k~ transverse anomaly has a polarization
quite close to the c~ or c direction. In the 1-D re-
gime, a c* direction, which is situated in the plane
of symmetry of the molecular chains, seems more
likely for the transverse-acoustic modulation of
the intermolecular spacing, than a c direction (see
Fig. 12).]

No such intensity dependence upon the c* compo-
nent of the scattering vector is observed for the
4k~ scattering. Figure 7(h) further shows that
neither the 2k~ nor the 4k~ scattering exhibits any
detectable intensity increase with increasing a*
component of the scattering vector. These results
demonstrate unambiguously that the 4k~ scattering
is purely longitudinal, while in addition to the long-
itudinal b* component the polarization of the 2k~
scattering has a transverse component along c*.
The existence of two components of the polariza-
tion for the 2k~ scattering is consistent with the
inelastic neutron data. "

Similar measurements performed at different
temperatures show that both longitudinal and trans-

bt

c+

p PHtC

b)
FIG. 6. Schematic representation of the reciprocal

lattice in the equatorial plane (hOl) and its intersection
with the Ewald sphere for the crystal orientations used
in determining the polarization of the 2k» and 4k&
scatterings. (a) The reciprocal-lattice points inter-
secting the sphere correspond to a wide range variation
of l values (in the c~ direction), but only restricted vari-
ation of h values (along a*); (b) The reciprocal-lattice
points intersecting the Ewald sphere correspond to a
wide range variation of h values (in a* direction), but
only restricted variation of l values (along c*).

FIG. 7. Diffuse x-ray patterns of TTF-TCNQ taken at
60 K for the two different orientations of Fig. 6. Along
the vertical 5* axis tl =0, no c*component of the scat-
tering vector in Fig. 7(a) and h = 0, and no a* compon-
ent of the scattering vector in Fig. 7(b)], both the 2k&
and 4k& scatterings can be observed showing the exis-
tence of a longitudinal component (along g) of the pol-
arization for the 2k+, as well as the 4k& scatterings.
(a) With increasing l (c* direction), only the 2k& scat-
tering intensity increases. This is, in particular,
striking close to the equatorial layer line where the b*
longitudinal component contributes only negligibly. (b)
Neither 2k& nor 4k+ scatterings exhibit an increase in
intensity for increasing h (along a~}, showing the ab-
sence of any substantial a* component of their polariza-
tion.
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verse components of the 2k~ scattering decrease
with increasing temperature above 60 K and be-
come undetectable by eye above 150 K as already
mentioned. From the x rays alone, it is therefore
not possible to determine the polarization of the
weak 2k~ scattering which remains up to room
temperature (Fig. 2) the inelastic neutron scatter-
ing data alone seems to indicate a strictly longi-
tudinal polarization.

The intensity of the 2k~ and 4k~ diffuse scatter-
ing relative to the main Bragg peaks could not be
measured accurately in the present study. An in-
direct estimation" yields a ratio of the diffuse-
scattering intensity compared to the closest main
Bragg reflections of about 10 at 60 K for both
scatterings, and of about 10 ' at 130 K for the 2k~
scattering. This last figure sets also an order of
magnitude of our detectability. Applied to the de-
termination of the polarization of the scattering,
this shows that other contributions than shown
above, "if they exist, must be at least an order of
magnitude smaller than the longitudinal compo-
nents at 60 K.

TTF-TCNQ

ONSET OF 5D ORDER
AT 54K

FIG. 8. The microdensi-
tometer scans in the 2k+
plane along the a* direc-
tion, showing the onset of
3-0 order close to 54 K,
and the corresponding for-
mation of the (3.5, 3.295,
3) satellite. Two succes-
sive satellites of the 2k&
plane in the a* direction
have been recorded just
below the phase transition
in order to provide a scale
(see the insert in the pat-
tern of Fig. 9).

B. Onset of 3-D order: 54(T(60K
In the temperature range near 60 K, the diffuse-

scattering sheets at 2k~ change qualitatively. The
photographic patterns taken below 60 K show di-
rectly the progressive building up of the diffuse
sheets into satellite spots corresponding to a wave
vector (0.5a*,0.295b*, Oc~). Figure 8 gives the
microdensitometer traces of a 2k~ sheet along the
a* direction for a series of patterns close to 54 K.
The progressive buildup of the satellite spots when

approaching 54 K is clearly seen. In this tempera-
ture range, no significant changes take place in the
4k~ diffuse scattering which maintains its 1-D
character.

The 3-D coupling between the chains, as evi-
denced by the buildup of satellite spots, begins
just below 60 K, where the electrical conductivity
exhibits its maximum value. Below 58 K, the de-
crease of the electrical conductivity might be ex-
plained by the progressive setting of the interchain
phase relation (growth of the transverse coherence}
and the associated destruction of the 1-D fluctua-
tion effects.

At 54 K, within the resolution limits (about 0.04
A ') of this investigation, and in agreement with
previous studies, long-range 3-D order is achieved
as far as the 2k~ satellites are concerned.

IV. EXPERIMENTAL RESULTS ON THE 3-D
MODU LATED PHASES

As briefly mentioned in the introduction of this
paper, previous studies have clearly established
and characterized three different low-tempera-
ture modulated phases in TTF-TCNQ. The ex-
perimental technique (fixed crystal, fixed film)
used in the present study is not well adapted for
a detailed investigation of very localized scatter-
ing such as superstructure satellites, and the dif-
ficulties already mentioned above related to the
precise determination of the absolute sample tern-
perature would moreover lead to very inconclusive
results. We shall therefore only briefly describe
a few specific points.

The photographic patterns in Figs. 9 and 10,
taken at 50 and 30 K, respectively, demonstrate
the consistency between the present results and
the earlier work. ~" In the pattern of Fig. 9,
which corresponds to the modulated phase stable
between 54 and 49 K, no 4k~ satellites can be ob-
served, but arrays of 2k~ satellites are clearly
visible. These satellites are found at positions
((h+0.5)a*,(k+0.295}b*,lc*}, where hkl are the
integer Miller indices referring to the high-tem-
perature undistorted lattice. This corresponds to
the modulation 2a x 3.40b x c. Such series of satel-
lites confirm the reality of this phase, which in
the previous counter studies was established from
measurements restricted on only one such satel-
lite. A closer inspection of the pattern of Fig. 9
reveals that all visible 2k~ satellites correspond
to positions with a nonzero scattering vector com-
ponent in c direction (l + 0), this particular point
in connection with other data suggests further com-
ments on the possible mechanism of the successive
phase transition at 54 and 49 K, and will be devel-
oped in Sec. V.

The pattern shown in Fig. 10, taken at 30 K,
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FIG. 9. (a) Diffuse x-ray pattern of TTF- TCNQ at
50 K (modulated phase I). The sample is oriented in
the reciprocal equatorial plane (Okl), the angle be-
tween the incident x-ray beam and the b axis being 125 .
Note that besides the well-defined 2kF arrays of weak
satellites with wave-vector components (0.5a*, 0.295 b*,
0c*), sharp 1-D 2kF scattering persists at this tempera-
ture. The 4kF scattering retains its 1-D character at
this temperature (no 4kF satellites). As in the patterns
of Fig. 1, Bragg spots with 0.5b* components must be
disregarded, as they arise from ~X contamination. In
the insert, the black arrow points toward the (3.5,
3.295, 3) satellite, where the onset of the 3-D order was
measured {see Fig. 8), the white arrow points toward
the (4.5, 3.295, 5) satellite. (b) The same region as the
insert is shown at 55 K, where the two satellites are
clearly broadened.

shows two types of satellites with 2kF and 4kF
wave vector components in chain direction. The
first series of 2kF satellites are found at the posi-
tions ((h + 0.25)a*, (k + 0.295)b*, lc*) corresponding
to the 4a ~ 3.40b x c modulated lattice stable below
38 K. An interesting point to note is that a few
satellites with zero scattering vector component
in c~ direction (l = 0) are now visible, in agreement
with previous neutron scattering data, "and in con-
trast with the observations made above about the
pattern of Fig. 9.

The second series of 4kF satellites revealed in
Fig. 10 are all found at wave vectors which are
twice those of the 2kF satellites, corresponding
to the positions((h+0. 50)a*, (k+0 41)b*,l.c*). No

PHASE 1

49&T&54 K "0.5 b

TTF -TCNQ

,0.295,0)

0
(0,0,0) (0.5,0,0) (1,0,0}

PHASE 2

38&T&49K
. ,05b" (1,0.59,0)

4kF satellites could be observed at the positions
(ha*, (k a 0.41)b~, lc*), also mentioned in the x-ray
counter investigations. '

In the intermediate phase 38& T&49 K, in which
the positions of both sets of satellite vary strongly
with temperature, we found good agreement with
the previous studies "; in particular, the 4kF
satellites could be observed up to 45 K, at wave
vectors which remained twice those of 2kF satel-
lites.

Figure 11 summarizes schematically the posi-
tions of the satellites in the three low-temperature
phases consistently obtained from the different in-
vestigations.

As a concluding remark on the results concern-
ing the low-temperature phases, it is noteworthy
that the 4kF satellites are generally weak and al-
ways found at twice the wave vector of the 2kF
ones. Generally, these low-temperature 4kF
superlattice reflections could arise either as sec-
ond-order diffraction harmonic of the 2kF ones,
or they could result from additional secondary dis-
tortion, whose wave vector is locked at a second-
harmonic value by nonlinear coupling with the pri-
mary 2kF distortion. Therefore, in this last pos-
sibility, their presence does not modify the sym-
metry of the earlier established low-temperature
modulated lath, ces, but should alter only the atom-
ic displacements. However, it should be noticed
that the formation of 4kF low-temperature satel-

P4
(0,0,0)

.5,0.295,0)

(o.s,o,o) (1,o,o}

FIG. 10. Diffuse x-ray pattern of TTF-TCNQ at 30 K.
The sample is oriented in the reciprocal equatorial
plane (Ok E), the angle between the incident x-ray beam
and b* axis being 124 . Both the 2kF and the 4kF
scatterings are condensed into satellite spots at the
wave vectors (0.25 a*, 0.295 b~, Oc*) and (0.5a*,
0.41 b*, 0c~), respectively. Horizontal arrows point
toward the 2kF (4.25, 2.295, 1) and (3.75, 2.705, 0) satel-
lites, vertical arrows point toward the 4kF (3.5, 2.41, T)
and (4.5, 2.59, 0) satellites.

PHASE 3
0.5 b 0.5,0.59,0)

~to.25,o.2es, o)

(0,0,0) (0.5,0,0) (1,0,0}

FIG. 11. Schematic representation of the position in
reciprocal space of the satellite spots in the three low-
temperature modulated phases. (a) 49& T & 54 K (phase
I)—modulation 2 a x 3.4 b x c; (b) 38 & T & 49 K (phase II)—
modulation x (T)a x3.4b xc; (c) T & 38 K (phase II/ —mod-
ulation 4a x 3.4b x c.
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lite spots as second-order diffraction harmonic
of the 2k~ ones is in contrast with the high-tem-
perature observations on the 1-D precursors, and
a direct comparison between the intensity of the
superlattice satellite spots must take the different
polarizations of the 2k~ and 4k~ precursors into
consideration. For instance, it is by no means
established that the 4k~ satellites, which can be
assumed to arise from a longitudinal modulation,
are weaker in intensity than the fraction of the in-
tensity of the 2k+ satellites arising from their
longitudinal component alone. (In fact, some
counter measurements on few satellites"'" give
comparable intensities between the 4k~ satellites
and the 2k+ satellites without l components. ) This
gives some confidence in the other interpretation,
where the 4k+ satellites represent intrinsic dis-
tortions in the low-temperature phases. This will
be further discussed in Sec. V.

[o~o)

(,pp]

TCNO
TTF

L L LL L LL L LL L
L LL L LL L L
L L L

FIG. 12. (a) Schematic representation of the stacking
of the TCNQ and TTF molecules. Note that the mole-
cular plane is not perpendicular to the stacking b direc-
tion, but is tilted around the g axis of the unit cell. (b)
Schematic representation of the intermolecular spacing
of the tilted molecules: (i) without modulation; (ii) with
longitudinal modulation; (iii) with transverse modulation.

U. DISCUSSION

A few relevant comments on restricted points of
the experimental results were already made in
Secs. I-V. We can therefore focus this discussion
on the two most important aspects: the unusual
polarization of the displacive modulations and the
existence of two different precursors.

The results from the photographic patterns given
in Fig. 7 establish the unusual feature for the 2k~
Kohn anomaly that there are both longitudinal (b*)
and transverse (c*) components of the molecular
motions. One possibility for this polarization be-
havior can be understood by referring to the sche-
matic representation of the molecular packing of
the crystallographic structure [Fig. 12(a)j. &ines
the molecular planes are tilted, with respect to the
crystallographic b stacking axis, around the a di-
rection, the intermolecular spacing can be modu-

lated simultaneously by a longitudinal component
and a transverse component perpendicular to the
a direction (the latter direction corresponds to the
reciprocal c~ axis). These modulations are sche-
matically represented in Fig. 12(b), in the approxi-
mation that the molecules are modulated as rigid
units. This is consistent with a 2k~ charge-den-
sity wave arising from the modulation of the inter-
molecular spacing.

In light of the previous descriptions of the low-
temperature phases and the existing data on the
polarization of the atomic motion responsible for
the 2k~ scattering, one additional element for the
understanding of the 54- and 49-K phase transitions
can be suggested. Assuming, as was done up to
now, that both of these phase transitions are driven
by phonon anomalies, a possible mechanism for
the two successive phase transitions is that the
transverse (c~ polarization) branch anomaly con-
denses at 54 K, while the second longitudinal
branch anomaly (b polarization} condenses at 49 K.
This suggests that there are two separate 2k~
anomalies. Presently, there is no absolute proof
of such a mechanism, but it seems to be consis-
tent with several independent experimental ob-
servations: (i) the existence of the shallow 2k+
phonon anomaly in the longitudinal branch ob-
served above 200 K, in addition to the sharp trans-
verse branch anomaly observed below 150 K by
neutron scattering; (ii) the absence of 2k„satel-
lites with zero scattering vector component along
c* in the phase stable between 54 and 49 K found
in the present investigation, which implies that
only the transverse (c*) anomaly is condensed in
this phase; (iii) the persistence of strong 1-D 2k~
scattering below the 54-K phase transition found
in the x-ray studies (see Fig. 9 and Ref. 15},
which could be due to the noncondensed longitudinal
anomaly; (iv) finally, providing perhaps the
strongest experimental evidence, it accounts for
the different temperature dependences of the in-
tensity of several satellite Bragg peaks below 54
K, as reported earlier. "

Figure 13 reproduces the intensity dependence
of these satellites as a function of temperature as
measured by elastic neutron scattering. ' The in-
tensity of the (0, 1.295, 3) satellite which has a c*
wave-vector component persists up to 54 K, while
the intensity of the (1+$,2.705, 0) which has a b*
component, but no c* component, extrapolates to
zero around 49 K. Initially this different behavior
was assigned to differences in the structure factor
arising from the changing modulation below 49 K.
However, subsequent neutron measurements
show there are several satellites within the same
(kk0) zone (that is to say satellites with zero c~
wave-vector components) which have a similar
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FIG. 13. Temperature dependence of the intensity of
two different satellites measured by elastic neutron
scattering (Ref. 10). Note that the {g, 1.295, 3) satellite
which has an important c* component persists up to
54 K, while the {1—f, 2.705, 0) satellite which has a
b* component, but no c* component, extrapolates to
zero intensity around 49 K.

temperature dependence as the (1+0, 2.705, 0)
satellite. This indeed strongly suggests that the
b* component of the 2k~ anomaly condenses around
49 K.

If we further consider the 4k~ satellites, it is
noticeable that the detailed temperature depen-
dence of their intensity and position from the x-
ray counter investigation leads to the conclusion
lthat the longitudinal 4k+ anomaly also possibly
condenses at 49 K or eventually slightly below
this temperature. "

In other words, these different points seem to
make a clear distinction between the transverse
(c*) anomaly (2k~), condensing at 54 K, and the
two longitudinal anomalies (2k~ and 4k„). From
the experimental structural data, it is presently
still unclear whether both longitudinal anomalies
condense at 49 K or if the longitudinal 2k~ con-
denses alone at 49 K, and the longitudinal 4k~
anomaly condenses only at a lower temperature,
giving rise to an additional phase transition at 46
K as suggested from recent specific-heat mea-
surements" and the theoretical work of Barisic."

It should be emphasized here, that the preced-
ing description is by no means in contradiction
with the earlier developed two-chain theories. It
rather adds a complementary aspect, and provides
some information on the two noninteracting modes
which are required for such models.

So far, we have tried to characterize as well as
possible, with the existing data, the two different
precursors, and their successive condensations
into different modulated phases; another and more
difficult question is to try to understand their

physical origins.
Keeping in mind the discussion on the polariza-

tions, a possible origin of the simultaneous oc-
currence of the 2k„and 4k~ anomalies, is to as-
sume that the 2k~ transverse anomaly occurs on
one of the sets of chains, either TTF or TCNQ,
and the longitudinal anomalies (2k+ and 4k+) on the
other set of chains. The first set of chains be-
haves as a normal 1-D metal, with possible at-
tractive interactions between electrons, and gives
rise to the transverse 2k~ Kohn anomaly at the
wave vector 0.295b*. The second set, owing to
particular interactions of the conduction electrons
along the chain, exhibits the 4k~ anomaly at 0.59b*.
In such a case among the longitudinal anomalies,
it is the 4k+ one which is the driving instability,
at least at high temperature, in agreement with
the relative intensities. Close to the 49-K phase
transition, however, the relative role of the two
anomalies seems to be reversed and the longitudi-
nal 2k~ anomaly has apparently become the driving
one, possibly even condensing alone at 49 K, and
the 4k~ only at a lower temperature. " This me-
chanism seems to be presently the only one con-
sistent with the structural data, the experimental
and theoretical evidence in favor of the two-chain
models which so well describe the sequence of
modulated phases of TTF-TCNQ.

It was already suggested that the particular in-
teractions mentioned above involve repulsive Cou-
lomb interactions between electrons along the
chains. " Simplest, though schematic, is to use
the strong-coupling limit which directly leads to
a 4k~ anomaly as shown much earlier. " It is out
of the scope of this experimental paper to go fur-
ther into theoretical details which are still under
intensive investigation.

In the course of this paper, we have followed
the earlier assignments of 2k~ for the 0.295b*
anomaly and satellites, and 4k~ for the 0.41b*
(0.59b* in the extended zone) anomaly and satel-
lites. This assignment gives a charge transfer
between the TTF and TCNQ molecules of 0.59
electrons, in exceptional agreement with the inde-
pendent estimations from other type of studies. "
One should however insist that another assignment
such as 2k~ for the 0.59b* anomaly and k~ for the
0.295b* cannot be ruled out; it would give a charge
transfer closer to one, in favor of which one can
also find independent experimental support. " It
can be further noticed that the idea of the strong-
coupling repulsive interactions which are neces-
sary in order to account for the 4k~ scattering,
have also been challenged in recent work. " Up to
date however no alternative theory using this sec-
ond possible assignment for the two types of scat-
tering has been worked out.



1478 KHANNA, POUGET, COMES, GARITO, AND HEEGER 16

VI. CONCLUSION

The present paper has described in relative de-
tail, the results obtained by photographic x-ray
measurements on TTF-TCNQ. This work is close-
ly related to the independent x-ray measurements
performed by Kagoshima ef al."' and the elashc
neutron scattering studies'"" which both used
counter detection. The agreement between these
different investigations is excellent and reflects
the very complementary aspects of the photo-
graphic methods and counter measurements. The
counter detection is more precise for very lo-
calized diffraction and its temperature dependence,
such as the satellites of the low-temperature mod-
ulated phases. ' '"'" The photographic method, on
the other hand, gives in one pattern a more quali-
tative but also more general overview of a large
section of reciprocal space and therefore provides
more information on less localized scattering such
as precursor effects, in particular when their lo-
cation in reciprocal space, or even their existence
is unknown prior to the measurements. These
specific characters of the photographic methods
are clearly outlined by the most important results
presented in this paper and in the previous brief
reports, ""which can be summarized as follows:
(i) the first structural evidence of any phase tran-
sition in TTF-TCNQ; (ii) the observation of two
different instabilities, namely 2k~ and 4k~, and,
in particular, their purely 1-D nature; (iii) the
measure of the progressive buildup of the 3-0
coupling between the chains in the temperature
range 60-54 K; (iv) the unambiguous determina-
tion of the different polarizations of the two anom-
alies, which together with previous elastic neu-
tron scattering data" has lead to the model de-
scribed here, where the successive phase transi-
tions at 54 and 49 K are driven by two different
2k~ anomalies, respectively, on the transverse
(c~) and longitudinal phonon branches; (v) the ob-
servation of arrays of satellites in the phase
stable between 54 and 49 K, where the counter
detection measurements could only be performed
on one satellite reflection. '""

Some parts of this study of course overlap with
the investigations of Kagoshima et a/. ,

"in particu-
lar, the temperature dependence of both types of
precursor effects. There is only one discrepancy

between the present work and the x-ray counter
study, "this concerns the (ha*, (k+0.41)b*,fc~) sa-
tellite reported below 38 K in the latter, and which

we have been unable to observe in any pattern, de-
spite the large section of reciprocal space which
were explored.

It is clear that the structural data obtained over
the last 18 months have considerably improved the
understanding of the exceptional properties of TTF-
TCNQ. They are, however, still incomplete from
several points of view compared to what is usually
obtained for similar x-ray and neutron investiga-
tions on more conventional compounds. It may be
useful to repeat again here that TTF-TCNQ is an
exceptionally difficult case and that we deal with
extremely weak effects; most of the experimental
results were obtained close to the limits of de-
tection and the exploitable data restricted to a few
satellites, or a few Brillouin zones. The success-
ive steps of the structural study have therefore
been mostly intuitive, rather than the logical result
of a quantitative analysis, leaving open the pos-
sibility of many speculations. "

There are clearly two important structural as-
pects which need further studies:

(i) The dynamical properties of both the 2k' and

4kF precursors close to the phase transitions. One

may wonder in particular if the 4kF scattering is a
real phonon anomaly or rather quasielastic and at
which precise temperature it condenses in satel-
lites.

(ii) The determination of the atomic motions
corresponding to each type of scattering, and each
type of polarization. In this respect, preliminary
attempts" seem to favor a translational motions
of rigid molecules. A detailed analysis of these
atomic motions is now under progress.
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