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X-ray measurements on the quasi one-dimensional Heisenberg antiferromagnet TTF-
(tetrathiafulvalenium-)CuS4C4(CFg)4 reveal a new crystallographic phase below To = 11 K
in which spin-& TTF+ units are paired. The temperature dependence of the order pa-
rameter below 11 K is accurately given by the BCS gap equation. Unexpectedly, the
pairing is found along a diagonal direction in the 6z-cz plane rather than along the mo-
lecular stacking axis cz. Furthermore, strong diffuse scattering dominates the x-ray
cross section at the dimerization superlattice positions for temperatures as high as
225 K.

The instability of one-dimensional (1D) anti-
ferromagnetic systems to spin-lattice dimeriza-
tion has been anticipated for over a decade. '
Furthermore, the Hamiltonian used for a ID anti-
ferromagnetic system and that used to describe
the Peierls instability in 1D conducting systems'
are quite similar, ' In spite of enormous effort,
no quantitative synthesis of theory and experi-
ment has yet been achieved for the 1D conductors.
It is therefore of substantial importance to inves-
tigate the behavior of lattice-unstable 1D spin

systems with a view toward understanding the
general Peierls problem. In this Letter, we re-
port on the results of x-ray diffuse scattering ex-
periments in tetrathiafulvalene his-cis-(1, 2-
perfluoromethylethylene-1, 2-dithiolato) -copper
[or TTF-CuBDT]. Using x-ray techniques we
have (a) studied the structural nature of dimeriz-.
ation, .(b) measured the order parameter, and

(c) probed the dimensionality and spatial extent
of the fluctuations. As we shall discuss below,
each of these is of considerable importance in the
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present problem.
Jacobs -eg n/. 4 have recently completed-a de-

tailed study of the magnetic behavior of the in-
sulating charge-transfer salt TTF-CuBDT. They
have shown convincingly that there exist 1D
chains of antiferromagnetically coupled spin-~
TTF+ units with an exchange J= 77 K (H =+, JS,.S,+,). Using the Bonner-Fisher calculation' they
fit the magnetic susceptibility, within experi-
mental error, from about 230 to 12 K. Below 12
K a second-order phase transition occurs in
which the susceptibility breaks below the Bonner-
Fisher curve and decreases isotropically to zero
as T-0. This behavior is well described by the
mean-field spin-lattice-dimerization model of
Pytte' using Bulaevskii's calculation' for the sus-
ceptibility of the alternating chain. Such agree-
ment strongly suggests that the reduction in mag-
netic energy which results from dimerization is
the driving force for the transition.

Our principal results may be briefly stated.
We find that below T, = 11 K new Bragg peaks
develop at the Brillouin-zone corner whose tem-
perature dependence is accurately fitted by use of
the BCS gap equation. The location of these peaks
implies that TTF molecules along the stacking
axis c~ remain equivalent, contrary to previous
speculation, 4 while pairing occurs along a diag-
onal direction in the b~-c~ plane. We suggest
that the first-order structural transition4 which
has been characterized by Stucky and Delker' at
g, = 240 K is important in establishing this diag-
onal axis as the iD magnetic chain axis. Studies
above T, =1I K show that the diffuse scattering is
not ID in character and that it persists as the
dominant feature in the q-dependent scattering up

to the structural transition at T,=240 K.
At temperatures above 11 K the structure of

TTF-CuBDT is triclinic (PT) with one formula
unit per crystallographic unit cell. However, it
may also be described in terms of an ET lattice
with a cell containing four formula units. ' In this
representation the structure is similar to rock-
salt, having alternate TTF' and CuBDT units
along axes which are approximately orthogonal.
The lattice constants for both the &T and the ET
lattices at 20, 200, and 297 K are given in Table
I. The transformation between the two reciprocal
lattices is given by Qz= TQz, where T is the ma-
trix which relates the real lattice vectors:

aJ 1 2 1

b~ =i -1 0 1

(Lz) ( 1 0 1 (c
In Fig. 1 we show a projection of the TTF mole-
cules on the a~-c~ or c~-b~ plane as determined
by Stucky and Delker' at temperatures above and
below the 240 K structural transition.

Our experiments were performed with a 50-
kW, rotating-anode x-ray generator. Cu Ku
x rays were focused on the sample using a ver-
tically bent pyrolytic graphite (PG) monochrom-
ator. A flat PG crystal was used as an analyzer
after the sample to decrease the background due
to extraneous scattering from the cryostat win-
dows. This system combined moderate Q reso-
lution (-0.01 A ) with a high-intensity beam to
provide generous thermal diffuse scattering sig-
nals from small crystals. The crystals used in
this study were typically 6 x0.5x0.1 mm' in size;
their preparation is described in Ref. 4.

TABLE I. The lattice constants of TTF-CuBDT at various temperatures
for both the E1 and El cells. These data are taken from Ref. 7.

Temperature
Lattice parameters

P1

20 K g = 23.20
b = 13.2g
c = 7o72

o. = 105.10
P = 102.10

95.74

g = 8.51
b = 11.43
c = 6.76

n = 83.4
p = 120.6
y = 101.8

200 K g = 23.392
b = 13.2S3

7.794

~ = 23.139
b = 13.150
c = 7.8SO

~ = 103.77

P = 100.81
95.76

92.28

P = 101.80
90.90

a= 8 467 n = 8472
b = 11.609 P = 119.S5
c = 6.858 y = 102.10

g = 7.801 n = 92.67
b = 11.435 P = 118.09
&= 7.532 &= 95.44
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FIG. 1. A projection of the TTF molecules in TTF-
CuBDT on the ap-5p or 5z-6z plane shows the large
structural distortion which occurs at T, - 240 K. See
Ref. 7,
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Our initial x.-ray observations were made in the
(hkh)~=(h0l)~ zone. In the PT reciprocal lattice,
Bragg peaks of the high-temperature structure
occur with integer h, 0, l coordinated with no ab-
sences, while in the I'T description no mixed
(both even and odd) h, k, l are allowed. Although
the structural transition at 240 K causes a sub-
stantial change in lattice constants, the symme-
try is unchanged, ' and the mosaic spread usually
remains narrow (-0.5'). Our choice of the
(h0l) z scattering zone was predicated on the sug-
gestion of Jacobs et al. that c~ would be the 1D
magnetic chain axis. A doubling of c~ would pro-
duce peaks at reduced wave vector q=(g, 0, —,')~
=(-,', -g/2--,', —,')~, where & would be determined
by the interchain phasing. Our results, however,
demonstrate that this is not the case. At the
spin-lattice dimerization transition we find new
peaks developing at q=( —,', 0, —,')z=(-1, 0, 1)„. One
can conclude directly that alternate TTF mole-
cules along both a~ and c~ become structurally
inequivalent (see Fig. 1), while successive TTF's
along c„remain equivalent. Because the c~ axis
is 1.8 A shorter than the a~ axis, we suggest that
the 1D magnetic axis is along c~. We emphasize
that although the choice between c~ and a~ as the
1D axis is not a direct diffraction result, our data
do explicitly eliminate all other possibilities.
Here it is important to realize that the higher-
temperature structural transition is responsible
for the majority of the difference between the
lengths of c~ and a~. This fact leads us to sug-
gest that the system may be more nearly two-
dimensional above 240 K. Furthermore, below
240 K the system may still retain some 2D char-
acter in contrast to other model 1D spin systems
such as (CH, ),NMnCl, (TMMC). ' However, be-
cause of the Heisenberg nature of the interaction
in TFF-CuBDT, a weak 2D coupling is not suffi-
cient to cause an ordered Noel state above 11 K."

1.0
RE DUCED TEMPERATURE (T/Tp)

FIG. 2. The temperature-dependent intensity of the
new Bragg peaks which develop upon dimerization is
accurately fitted by the BCS gap function.

Figure 2 shows the temperature dependence of
the intensity of the (507)~ peak which, after nor-
malization to unity at low temperatures, fits the
square of the BCS gap function within experi-
mental error. " The fit provides evidence for
mean-field character of the transition for

~ T/T,
-1~ &0.05 in support of the analysis of the mag-
netic susceptibility by Jacobs et al. However,
considerations based on the geometry and spatial
extent of the critical fluctuations" lead us to ex-
pect deviations from mean-field behavior close
to 70.

We now consider the diffuse x-ray scattering
above 11 K which provides a direct measure of
the fluctuations preceding the transition. These
data were obtained in the (h0l)~ scattering zone.
Remarkably, a strong peak is evident at q=(-,', 0,
—,')~ throughout the temperature range 11-225 K
as shown in Fig. 3. Below 20 K, this scattering
is approximately isotropic in q space. " This re-
sult implies that the lattice fluctuations are fully
three-dimensional, in contrast to the magnetic
fluctuations which one expects to be one-dimen-
sional. The persistence of a pronounced peak to
high temperatures indicates that a mode of very
low frequency exists in this structure in the ab-
sence of substantial magnetic correlation. For
example, at 225 K (20 times T, and 4 times J)
the peak at Q = (-'„0, —,') ~ is 50% greater than the
phonon-plus -Compton background. This behavior
is in marked contrast to that of TTF-TCNQ (tetra-
thiafulvalene-tetracyanoquinodimethane) where
the thermal diffuse scattering at "4k F" at 300 K
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FIG. 3. Scans along Q=(2.5, 0, l)P at a number of
temperatures above and below the spin-dimerization
transition at To = 11 K. A pronounced peak exists to
temperatures as high as 225 K.

= 5T, is less than 10$ of the "background. ""
We conclude by emphasizing the unique char-

acteristics of TTF-CuBDT which appear to play
an important role in the dimerization transition
which we have observed. Firstly, a structural
transition at 240 K gives rise to a 1D magnetic
anisotropy in a system with no obvious concom-
itant structural one-dimensiona, lity. Secondly,
dimerization of TTF molecules along this axis is
energetically favorable (i.e. , these phonons are
soft) even without magnetic interactions. To the
extent that an extremely soft lattice is a prere-
quisite, it is not surprising that this type of
phase transition has been found only rarely in
nature. Clearly further detailed measurements
in this model spin-dimerization system are re-
quired. Specifically, measurements of the crit-
ical behavior, a quantitative analysis of peak in-
tensities to extract molecular displacements, and
neutron-scattering studies of the lattice and spin
dynamics would be valuable.
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