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Several additional studies of tetrathiafulvalenium-tetracyanoquinodimethanide by elastic and inelastic
neutron scattering have been performed. The temperature dependence of the lattice parameters b and a sinf
were measured and no anomaly was observed at any of the transition temperatures, T, = 54 K, T, = 485
K, or T; = 38 K. The 2k satellites in the (A k O ) zone have been extensively studied. The temperature
dependence of their intensity, position along a*, and the linewidth along a* are reported. In contrast with
the earlier studies on the 2k satellites possessing a c¢* component, the linewidths of the (h k 0) satellites
increase to above 38 K and the satellites are undetectable above 48 K. The 4k, anomaly is shown not to
arise from an anomaly in the longitudinal acoustic branch propagating along b, the chain direction. The
possibility of the 4k, anomaly arising from an optical mode or being totally elastic above 54 K cannot be
ruled out. The acoustic phonon branches for g propagating along the a* and c* directions have been

measured and the corresponding elastic constants deduced.

I. INTRODUCTION

The charge-transfer salt, tetrathiafulvalenium-
tetracyanoquinodimethanide (TTF-TCNQ), has
attracted considerable attention in the past years
because of its one-dimensional (1D) electronic
properties.! After the discovery by x-ray diffuse
scattering® ® of a 2k, Kohn anomaly, a series of
X-ray and neutron-scattering experiments has
been performed?- * whose synthesis is given in
two recent review articles.'%1®

The situation can be summarized with the aid of
Fig. 1. Below the Peierls transition at T, =54 K,
TTF-TCNQ undergoes two additional transitions
at 7,=49 K and 7,=38 K. The first-order 38-K
transition was first established by neutron-scatt-
ering experiments.* The 49-K transition was
originally predicted from a two-chain Ginsburg-
Landau analysis'” of the initial neutron data and
clearly established from additional high-resolution
neutron-scattering experiments.*-** Other anom-
alies have been observed in the vicinity of these
phase transitions.!'®1° At 54 K, the 2k anomaly
is partially condensed giving a 2a X 3.44 X ¢ mod-
ulated structure with the appearance of new sat-
ellites at §=(0.5a%,0.2955*,0). Below 49 K, the
a component of this structure begins to vary until
T, =38 K when there is a lock-in transition to the
4a X 3.4b x c. modulated structure.

In the dynamical studies,” a phonon anomaly at
2k,=0.29b* in the transverse acoustical (TA)

branch polarized along c* was found to develop
below 150 K. Its 1D character was unambiguously
established by further x-ray investigations® which
also revealed a new 1D precursor at the wave
vector 0.590*. This was interpreted as 4%,
scattering reflecting the strong interactions be-
tween the electrons.?® This new anomaly, polar-
ized along the stacking b direction, was observed
by x-ray scattering up to room temperature .02
The x-ray studies'? also showed that below 150 K,
the diffuse scattering at 2k, possessed a longit-
udinal component® in addition to the transverse
component observed by neutron scattering. The
dynamical origin of this longitudinal component

is currently unknown.

This sequence of phase transitions has been
approached theoretically in terms of various
two-chain models in which the two different
types of stacks become modulated either at
different temperatures'®?? or at the same tem-
perature, but with different amplitudes.?® It was
also suggested'?:!® on the basis of x-ray photo-
graphs, that the 54 K phase transition is due to
the condensation of the 2%, transverse anomaly,
while the 49 K phase transition corresponds to the
condensation of both longitudinal anomalies at 2%,
and 4%, However, a clear confirmation of the
sequence of the distortions of the different stacks
must await the structural determinations of the
distorted low-temperature phases.

Being far from a complete determination, the
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FIG. 1. Temperature of two different satellites. Also
shown are the three phase~transition temperatures
[taken from Comés et al. (Ref. 5)].

understanding of the exceptional properties of
TTF-TCNQ has progressed only by the limited
studies in a few Brillouin zones where the effects
are the strongest. In this spirit, the purpose of
this paper is to present new investigations of the
structural properties of TTF-TCNQ by neutron
scattering in order: (i) to collect additional 2k F
satellites in the three low temperature modulated
phases, particularly those coming from the con-
densation of the longitudinal part of the 2k, ano-
maly; (ii) to study the dynamical origin of the
4k, anomaly; (iii) to improve our knowledge on
the lattice dynamics of this compound by measur-
ing the low lying phonon branches.

The format of this paper is as follows. All the
experimental details are given in Sec. II. Elastic
neutron scattering measurements on the 2k, -
longitudinal satellites are presented in Sec. III.
Inelastic scattering studies are given in Sec. IV,
in which the status of the search for the dynamical
origin of the 4%k, anomaly will be presented and
some new low lying-phonon branches reported.
Finally, Sec. V will summarize the results ob-
tained.

II. EXPERIMENTAL

The neutron-scattering experiments were per-
formed on the triple-axis spectrometers at the
Brookhaven High Flux Beam Reactor using 13.5-
or 14.8-meV incoming neutrons and pyrelytic
graphite as monochroraator, analyzer, and filter.
The triple-axis elastic configuration was used for
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high-é resolution, with the analyzer set to remove
the inelastic background and to improve the re-
solution.

The deuterated single crystals of TTF-TCNQ
are those used in the earlier experiments. Sample
N7 (fully characterized in Ref. 7) is formed by an
assembly of 17 almost untwinned crystals. It was
mounted in the (021) zone. Samples A and B,
larger (volume ~0.02 cm?®) and irregular in shape,
were mounted in the (0k1) and (2k0) zones, respect-
ively. -

The elastic measurements have been exclusively
performed with the best sample N6, which was
already used in the high resolution elastic studies
reported in Ref. 9 and 13. This sample, approx-
imately 25 X 2x 0.05 mm in size, was wrapped in
aluminum foil and mounted strain-free in the
(hk0) zone. :

An early x-ray measurement of the lattice
parameters of TTF—TCNQ gave indications of an
anomaly near 55 K.2* We report below measure-
ments of the temperature dependence of the lattice
parameters of the deuterated strain-free sample
N6. The lattice parameters a sing amd b were
obtained by measuring the positions of the (300)
and (020) Bragg reflection and their temperature
dependence is shown in Fig. 2. The temperature
variation is smooth and no anomalies observed at
T,, T,, or T,. The linewidth was determined by
the resolution of our instrument and showed no
variation with temperature. The lattice parameter
b, directed along the stacking direction exhibits
a large dilation on heating corresponding to 2%
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FIG. 2. Temperature variation of the a sin8 and b pa-
rameters of deuterated TTF-TCNQ.
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change between 25 and 250 K as already noted
from the x-ray and thermal-expansion studies.?:%
It should be noted that the value of the lattice
parameters obtained in the present experiment
on deuterated samples are in good agreement
with those obtained in the x-ray studies on pro-
tonated samples. This, and the fact that the
transition temperatures appear to be the same
for the protonated and deuterated samples, imply
that the hydrogens play only a minor role in the
phase transitions.

II. 2k, SATELLITES IN THE (hk0) BRILLOUIN ZONES

The early elastic neutron scattering measure-
ments* %13 showed that the strongest 2%, sat-
ellites were in the (013) and (113) Brillouin zones.
With a non-zero / index, these satellites come
(partly at least) from the condensation, below
54 K, of the transverse acoustical 2k, anomaly.
However, such is not the case for the very weak
(1+¢,2.7050) satellite observable below 45 K as
shown in Fig. 1. An interesting aspect of this
satellite is that its peak intensity seems to ex-
trapolate to zero near T,. A previous x-ray
study*® showed that the condensed satellites
possess both a longitudinal and transverse
component. However, with the / index equal zero
only the longitudinal part of the 2k, anomaly -
is probed. On these bases, Khanna et al.'? have
suggested that the longitudinal part of the 2k,
anomaly condenses at T, whereas the transverse
part condenses at T, =54 K. In this section we
report on more extensive studies of the temper-
ature dependence of the longitudinal 2%, sat-
ellites present in the (220) Brillouin zones.

In Table I are listed the additional satellites that
were observable at 25 K. The squares of the
structure factors F2,, relative to F2,  of the (300)

obs

Bragg peak are also given. It can be seen that

TABLE 1. Structure factor of observed 2kp satellites
in the (kk0) zones, at 25 K, relative to F% (300) Bragg
peak.,

h k 1 FZ.
3 0 0 100 000
0 2 0 14750
0.25 0.705 0 17
0.75 0.705 0 17
0.25 1.295 0 3
1.25 1.295 0 5
0.25 1.705 0 15
0.25 2.295 0 22
3.25 2.295 0 17
0.75 2.705 0 25
1.25 2.705 0 15
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FIG. 3. Elastic scans along the a* direction showing
the 2k, satellite (¢, 0.7050) at 30, 44, and 48 K.

the strongest intensities correspond to the (0.25
0.7050) and (0.75.0.705 0) satellite positions. In

the present study, the intensity, position and line-
width along the a* direction of these two satellites
have been studied as a function of temperature.
Additional measurements have also been performed
with the (1.252.705 0) satellite in order to give a
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FIG. 4. Temperature variation of the peak intensity of
the (¢,0.7050), (1—g,0.7050), and (1 + ¢,2.705 0) satel-
lites. The temperature corresponding to the 38-K (T3)
and 49-K (T,) phase transitions is indicated.
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comparison with the earlier published data.’
Finally, all the data reported here have been
taken on heating, because, as studied in detail by
Ellenson et al.** with the (g, 1.295 3) satellite, the
position and even the linewidth of the satellites in
the intermediate modulated phase depend upon
whether the temperature at which the measure-
ment is done was reached by heating or cooling.

Typical profiles of the (g,0.7050) satellite in
the a* direction are given in Fig. 3 for several
temperatures. The temperature variation of the
peak intensity of the three satellites studied is
given in Fig. 4. Their peak intensities decrease
with increasing temperature as reported earlier
in the (1-4,2.7050) satellite. The strongest
satellite (7,0.7050) remains observable up to
48 K (see Fig. 3), but at 49 K it is no longer dis-
tinguishable above the background. Finally, from
Fig. 4, the ratio of the peak intensity to the back-
ground is about § for the satellite at (1+¢, 2.705
0) at 7=39 K, which is consistent with the earlier
results [see the satellite profile presented for the
same sample in Fig. 6(c) in Ref. 5].

In the temperature range where the longitudinal
2k, satellites are observable, the temperature
variation of the modulation along a* was measured.
This quantity is shown in Fig. 5 and is in good
agreement with the previous measurements of the
stronger satellites measured about (013).%:13
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FIG. 5. Plot of the 2k satellite positions along a*,
measured upon heating for the satellites present in the
(n20) zones. The functional relationship between 62
(left-hand scale) and ¢, (right-hand scale) is given in the
heading. One satellite position measured upon cooling is
also presented to show in the intermediate phase the
constant hysteresis of 1 K between the heating and cool-
ing curves. The two temperatures T, and Ty indicated
are taken from the data upon heating.

T,=48.5 is determined by extrapolating the linear
part of the curve to 6=0. The same thermal
hysteresis observed on cooling in a prior exper-
iment!® is also present in these satellites. It is
important to note that in contrast to those sat-
ellites measured about (013), the satellites meas-
ured in the (220) Brillouin zone, i.e., no compon-
ent along ¢, are not observable between 7, and 7,.
This is consistent with the x-ray results of
Khanna ef al.'?

Figure 6 shows the temperature variation of
the full width at half-maximum (FWHM) for the
two “longitudinal” 2k satellites studied. It is
only below 38 K, in the lower modulated phase,
that their linewidth is resolution limited. On
heating, these satellites seem to disappear due
to divergence of their linewidth, but the integrated
intensity remains temperature independent, within
experimental errors. For comparison, Fig. 6
also shows the linewidth of the (g, 1.2953) satellite
taken from the original data of Ellenson et al.'?
on the same sample mounted in a different zone.
Although broadened, the (g,1.2953) satellite is
visible up to T,. Its broadening, however, is
smaller and less temperature dependent than that
of the (¢,0.7050) and (1-¢,0.7050) satellites.

The temperature-dependent broadening of the
linewidth along a* is most likely due to a decrease
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FIG. 6. FWHM measured upon heating along the a*
direction for the (¢, 0.7050), (1-¢,0.7050), and
(9,1.2953) satellites. The three temperatures corre-
sponding to the 38-K (T3), 49-K (T,), and 54-K (Tj)
phase transitions are indicated.
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of the correlation length between the TTF and
TCNQ stacks. This incomplete order above 38 K
raises the same questions asked for potassium
cyanoplatinate (KCP)?*-?” concerning the effects of
impurities, lattice defects, or intrinsic phase

fluctuations in the condensation of the 2k, anomaly.

More puzzling are the two different transverse
correlation lengths observed above 45 K (Fig. 6).
Are we observing the development of two different
types of short-range order due to noncoupled
degrees of freedom (one degree of freedom cor-
responding to the longitudinal 2k, anomaly and the
other to the transverse 2k ,anomaly)? Is there a
development of a different kind of order within
each kind of stack (e.g., the transverse anomaly
corresponding to the TCNQ stacks and the longit-
udinal anomaly for the TTF stacks)?

IV. INELASTIC SCATTERING

A. Inelastic behavior near 4k,

The 4k anomaly in TTF-TCNQ, first discovered
by x-ray diffuse scattering,® has generated consid-
erable interest, and many theories? have been
proposed to explained the origin of this scattering.

T T T
12~ TTF-TCNQ (D)

T
F=7
—~
-
7

(0£0)
ok d -
e o :(013) /o/
. 7
10 4 & :(020) ,

PHONON ENERGY (meV)
o0

(a)

| I | 1
(o] 0.1 0.2 0.3 0.4 0.5

& (Bfunits)

Roughly speaking, these theories predict either
an inelastic ( phonon-anomaly) or an elastic (static
charge density waves in 1D Wigner lattices)
origin for this scattering. ,

Further x-ray experiments'®*? have found that
the 4k, scattering is visible up to room temper-
ature and is mainly polarized along the stacking
b direction. Therefore, we performed detailed
measurements of the longitudinal acoustical (LA)
branch near the zone boundary, especially around
the q=1 -4k, =0.45b* at room temperature and
3=0.41b* at 150 K. Most of the measurements
have been performed near the zone boundary in
the w-q range defined by the outline in Fig.7(a).
As already demonstrated in the case of 2k,
anomalies in KCP (Ref. 26) and TTF-TCNQ,” the
best way to visualize this anomaly is to give the
distribution of the cross section in the w-gq plane.
This leads to the intensity contour plots shown in
Fig. 7(b) for the data taken at 295 K in the (013)
Brillouin zone. This figure and a similar plot
realized from the measurements in the (002) zone
show clearly that no anomalous dispersion of the
LA branch near ¢ =4k, is present at room temper-
ature. The data taken in both zones at 150 K also
lead to the same conclusion. (The limit of our
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FIG. 7. (a) Dispersion curves for the longitudinal acoustical and a low-lying optical modes propagating along the
[010] chain direction in TTF-TCNQ at 150 K (full symbols—dashed line) and 295 K (open symbols—solid line). The sol-
id line for the LA branch is from Ref. 7. (b) Contour intensity plot around the 1 —4k; position in w~g range shown by

the outline in (a).
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in the (013) Brillouin zone showing the relative strength
of the transverse acoustical, longitudinal mode, and op-
tical mode.

detectability is about 2 counts/min). Moreover,
Fig. 7(a) shows clearly that the frequency of the
longitudinal branch increases on cooling.

Several elastic studies around the 4k, position
have been performed at room temperature in
several Brillouin zones in the (0kl) scattering
plane. No evidence of 4k, scattering has been
observed. However, it must be remarked that
with the high background level present (10 counts/
min) a weak anomaly [comparable in intensity to
that observed at 2k, in the TA(c*) mode”] might
not be detected under the present conditions.
Similar elastic scans performed at 150 K have led
to the same conclusion. Thus we can eliminate
the possibility that a strong anomaly (yielding
more than 2 counts/min) exists in the LA branch
but a similar anomaly in the elastic scattering
cannot be ruled out. Another possibility, not
explored in detail because of the limited sample
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FIG. 9. Dispersion curves of some low-lying modes
propagating along the a* and c* direction for TTF-TCNQ
at room temperature.

size, is that the 4k, anomaly arises from an op-
tical mode that has an anomaly at g =4k,.

Within the (013) Brillouin zone we were able to
measure one of the low-lying optical modes and
its dispersion is shown in Fig. 7. No anomaly is
seen at g =4k,. Figure 8 shows a typical spec-
trum. By comparison of the intensities of the
three features, we see that the dynamical struc-—
ture factor for this mode is large in the (013)
zone. This can be explained by the in-phase
scattering of molecules possessing the same
angle of tilt [the scattering.vector (013) is roughly
perpendicular to the plane of the molecules].

B. Dispersion curves for phonons propagating along
the a* and c* direction
At room temperature we also measured the dis-
persion curves of the acoustic modes propagating
along the a* and c* directions, and the results are
shown in Figs. 9 and 10. Because of the mono-
clinic symmetry only the TA modes polarized
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FIG. 10. Room-temperature spectra of the transverse
and “longitudinal” acoustical mode propagating along the
a* direction showing particularly the anomalous increase
of the frequency of the “longitudinal” branch between
£=0,10 and £=0.15.
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TABLE II. Effective elastic constants C.;, deduced from the sound velocity ¥, of the dis~
persion curve for acoustical phonons of wave vector § and polarization & in TTF-TCNQ at

295 K.
Mode q Cogs = PV2 2 (10 dyn/cm?) References
“LA” [100] 2.0 £0.4 ~[100] =Cyy) This work
TA [100] 0.42+ 0.03 [010] &= Cgp) This work
TA [010] 0.42+ 0,07 ~[100] (= Cg) 11
LA [010] 1.7 +0.3 [010] & Cyy) 7
TA [010] 0.88+ 0,12 =~[001] (2Cyyp)? 7
TA [001] 0.87+ 0.08 [010] (=Cyy)? This work
“LA” [001] 2.2 +0.4 =~[001] (=~Cy3) This work

2Using the exact expressions 3{(Cgg+ Cyy) + [(Cgg— Cyy)? + 4C}]t/ 2 for 2= [100], 3{(Cyq + Cyy)
~ [(Cgg — Cyg)? + 4C%]t 2} for 2= [001], and Cggcos?B + Cyysin?B — Cyesin2 for 2= [010], onegets

with the monoclinic angle B =104.5°, Cyy=(0.88+ 0.22) x 10! dyn/cm? and Cye= (0.04 + 0.60)

x 10! dyn/cm?.

along b are purely transverse. The “longitudinal”
modes are not purely longitudinal and may contain
a small transverse component. The space group
of TTF-TCNQ is P2,/c which has a glide plane
along the c direction, the direction of like mole-
cular stacks, giving a 2c¢* pseudoperiodicity
along c¢*. This is why the acoustical modes of
Fig. 9 have a finite slope at the zone boundary at
0,5¢*.

Along the a* direction, a gap is expected at the
zone boundary, but it must be small since within
our resolution the gap is not observed (Fig. 9).
The TO modes shown in Fig. 9 is a continuation
of the TA mode into the next Brillouin zone and
corresponds to an out of phase motion of the TTF
and TCNQ sheets along the b direction. The “LA”
mode propagating along a* shows an anomalous
dispersion between ¢ =0.10 and ¢ =0.15 as seen in
Fig. 9 and in the spectra of Fig. 10. This could be
due to a coupling with a low-lying optical mode.

From the initial slope of the acoustic modes it
is possible to calculate an effective elastic con-
stant: C,.,=pv? where p=1.62 g/cm? is the den-
sity of TTF-TCNQ and v, is the velocity of
sound. The elastic constants obtained from Fig.
9 and Refs. 7 and 11 are given in Table II along
with the particular C;;. Table II shows that within
error C,, =C,,~C,,, which is surprising for such
an anisotropic system. C,; and C,; are also 50%
lower than the elastic constants deduced from
high-pressure compressibility measurements .28
C,, and Cgy exhibit significant anisotropy and are
in agreement with the earlier measurement of the
transverse modes propagating along b*.!*

V. SUMMARY

New information on the structural properties of
TTF-TCNQ has been obtained during this study:
No anomaly of the lattice parameters has been

observed at the three low-temperature phase
transitions.

The 2k, satellites in the (2%0) Brillouin zones
arising from the condensation of the longitudinal
part of the 2k, anomaly have been studied. They
correspond to the same modulation of the lattice
as the 2k, satellites originating in the conden-
sation of the 2k, transverse acoustical (c* polar-
ization) anomaly. The main difference between
the transverse and longitudinal satellites is that
the linewidth along a* of the latter grows rapidly
above T, so that the longitudinal satellite is not
observable above T,.

The 4k, anomaly is not present in the LA branch
and any elastic 4k, scattering must be weaker
than the anomaly associated with 2%,.

Several acoustical branches for g propagating
along the a* and ¢* directions have been mea -
sured. The slope at the origin of the TA(b*)
branch is consistent with that reported in the
earlier measurements of the TA(c*) and TA(a*)
branches for g propagating along b*. Surpris-
ingly, no anisotropy is observed in the slope of
the LA modes propagating along the a*, b*, c*
directions.
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