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An Organic Spin-Ladder Molecular Material**
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Montserrat Mas, Elies Molins, Manuel Almeida,
Rui T. Henriques, Jorge Morgado,

Jean-Philippe Schoeffel, and Jean-Paul Pouget

Materials with a ladder type arrangement of the spins (“*spin-
ladder compounds’™™) have brought a lot of excitement to the
quantum magnets community.!! The initial expectations con-
cerning these materials have been fully confirmed by recent
findings of a puzzling dependence of the bulk magnetic proper-
ties with the even/odd number of legs in the ladder. Recent
results on metal-based compounds {(mainly oxides) indicate that
while odd-leg ladders are gapless and have magnetic behavior
similar to one-dimensional chains, even-leg ladders have only
short-range order and a finite spin gap. In addition, holes inject-
ed into even-leg ladders are predicted to pair and possibly show
superconductivity.”! Until now only very few two-leg and three-
leg ladder compounds formed by connected chains of transition
metal atoms have been studied.'** 3! Because of their structural
flexibility molecular solids offer many possiblities to finely tune
interesting physical situations such as those exhibited by spin-
ladder materials. Molecular organic solids with this kind of
behavior could be obtained by assembling a finite number of
molecular chains one next to the other to form *“ladder-struc-
tures” of increasing width. We have succeeded in preparing and
characterizing [(DT-TTF),][Au(mnt),] (1, DT-TTF = “di-

thiophentetrathiafulvalene™.

el Qi mnt = maleonitrile  dithio-
s = T S DI-TTF late), one of these wide spin-
da 8 ladder organic solids.
By analogy with the
"S5, _C=N metallic o phases of the
I mnf (Per),M(mnt), family (Per =
eSO

perylene, M = metal), which
crystallize in a structure con-
taining pairs of perylene chains surrounded by M(mnt),
chains,” we sought to construct a ladder molecular organic
compound by replacing perylene by an appropriate aromatic
donor. As electron donor we chose DT-TTE, *! which tends to
stack to form chainlike structures and which contains sulfur
atoms on the periphery that are able to promote close contacts
between the chains,'! to provide the rungs of the spin ladder
system. As counterion we chose the closed-shell monoanion
[Au(mnt),] " ,"! which might magnetically isolate the ladder
chains.
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The target compound [(DT-TTF),J[Au(mnt),] (1) was ob-
tained as dark needles by electrocrystallization from a
dichloromethane solution containing the donor and the tetra-
butylammonium salt of [Au(mnt),] . The mixed valence char-
acter of this salt was confirmed by the presence in the near
infrared (NIR) spectrum of the characteristic *A™ band of the
mixed valence states centered at 2700 nm.'*) Compound 1 crys-
tallizes in the monoclinic system.”! and the asymmetric unit
comprises one molecule of DT-TTF and 0.5 molecule of
molecules form segregated regular stacks of donors and accep-
tors along b in a herringbone pattern (Figure 1). Inside each
stack, donors D (DT-TTF) and acceptors A ([Au(mnt),]) slip
parallel to the shortest axis of the molecule and have interplanar
distances of 3.555(3) and 3.581(4) A, respectively. The DT-TTF
stacks are arranged in pairs related by a twofold screw axis, and
they alternate with single stacks of [Au(mnt),] along the a—c
direction. Apparently the pairs of organic donor stacks form a
structural two-leg ladder, since they are strongly linked by three
interstack S - - - S close contacts (Figure 1b). As shown later, the
double donor stacks form a two-leg spin ladder below 225 K due

A D D A

Figure 1. Top: Crystal packing of [(DT-TTF ), JlAu(mnt),] (1) at 293 K showing the
organic DT-TTF stacks D related by a twofold screw axis. Bottom: Projection of the
crystal structure along b, short S---8 contacts (between 3.460 and 3.944 Ay are
indicated by dotted lines. This figure represents the average structure. It does not
include the local dimerization discussed in the text.
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to the localization of unpaired electrons in (DT-TTF);" dimeric
units.

The electrical conductivity along the chain axis b is ther-
mally activated and is about § Scm ™' at room temperature. Its
temperature dependence (Figure 2) has an inflexion point at
about 220 K, denoting that the gap increases significantly below
this temperature. The thermopower S(T) is positive (about
40 K~ at 300 K), indicating a hole transport as expected in
a partially oxidized (quarter empty) donor band.
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Figure 2. Electrical resistivity p of [(DT-TTF),J[Au(mnt),] as a function of the

reciprocal temperature (left) and its first derivative, dlnp/dT ! (right), measured
along the needle axis & by the standard lour-probe method.

Taken together, the 2:1 stoichiometry, the closed-shell char-
acter of [Au(mnt),] ", and the electrical transport measurements
clearly show that below 220 K the unpaired electrons are quite
localized in the organic, DT-TTF, interacting double chains.
Consequently. depending on the strength of the interactions
within and between the double chains, this organic system could
well fulfill the requirements for spin-ladder behavior. In order to
quantify this point we have calculated the HOMO-HOMO
transfer integrals for the different donor - - - donor interactions
of the lattice."® There are only three types of DT-TTF interac-
tions (Figure 1): 1) those within the DT-TTF molecular chains
(I), 2) those connecting the two molecular chains that form the
pair (1), and 3) those between the extremities of the molecules
in different paired chains (IIT). The calculated #54y0 — nomo trans-
fer integrals are 36 meV for 7, 21 meV for ¢, and 6 meV for 1.
Three important implications may be drawn from these values.
First, the transfer integral £, between the pairs of chains is quite
small relative to those within chains (7, and ¢,;). Thus, the differ-
ent pairs of chains of the lattice are probably quite isolated.
Second, the transfer integrals up the chain (¢,) and coupling the
two paired chains (r,) are nonnegligible. Third, these transfer
integrals within chains (¢ and ¢#;), although nonnegligible. are
smaller than those of related molecular metals. This agrees with
the relatively high but activated conductivity. These three obser-
vations suggested a possible spin-ladder behavior for 1 in which
the paired chains constitute the ladder. However, before pursuing
along this line, we must consider additional structural features
that explain more clearly the observed electronic localization.

In order to study this point, X-ray diffuse scattering experi-
ments were performed.'"'! X-ray patterns taken at 15 K reveal
a weak scattering consisting of single diffuse lines located mid-
way between successive layers of main Bragg retlections perpen-
dicular to the chain direction A. Its reduced wave vector (0.5H%)
shows that a dimerization is achieved in the chain direction.
These lines are broader than the experimental resolution, which
means that the dimerization takes place only on a local scale. At
15 K their half width at half maximum (HWHM) along b is of
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AQ = 0.035 A™'. The inverse of this quantity. corrected by the
(gaussian) resolution, leads to an intrachain correlation length
£, of 60(40) A, if one assumes an intrinsic Lorentzian {gaussian)
profile for the diffuse scattering. As shown in Figure 3 (top)
these diffuse lines begin to broaden substantially above about
225 K and at 295 K &, amounts to about 20 A.
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Figure 3. Top: Thermal dependence of the HWHM along the b axis of the 1/25%
diffuse lines of 1. The inset shows the profile along 5* of such a line (y 1s the number
of counts in arhitary units). Bottom: Schematic illustration of the two possible
two-leg ladders formed by the dimerization of DT-TTF stacks. where J is the
exchange coupling along the chains, and J is the coupling along the rungs.

The weakness of the scattering suggests that the dimerization
occurs on the pairs of strongly linked DT-TTF stacks. The ob-
servation of diffuse lines means that there is no sizable phase
relation between the dimerization of first pairs of adjacent
stacks. Their finite width shows that the dimerization locally
breaks the twofold serew axis symmetry, which relates the two
stacks that form the ladder. As there are two ways to break this
symmetry (see Figure 3, bottom), it can be easily understood
that their simultaneous realization on a given pair of stacks will
limit the intrachain correlation length. From the previous deter-
mination of &, one can estimate an average domain size at low
temperature of about L,( = 1té,) =150 A (i.e. 40b). Therefore,
this structural study indicates that at low temperature (15
225 K) this molecular system consists of isolated ladders with a
finite number (about 40) of rungs. The decrease of this number
above 225 K leads to a better conducting state.

In this picture each dimer has one localized electron (Figure 3,
bottom). Since [Au(mnt),]  has a closed-shell nature, the mag-
netic properties of this compound arise only from the spins
located in the organic (DT-TTF)," units of the ladders, in
agreement with the observed ESR g factor. Thus the ESR g
factor of the radical cation [DT-TTF]* in solution,!™ is very
close to the average g value of the crystals of 1. As expected, the
minimum g value is observed when the magnetic field is applied
parallel to the stacking b axis.[*?! The relatively large paramag-
netism thus associated with these [(DT-TTF),]"" units does not
show any significant anomaly around 220 K, where the trans-
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port properties displayed anomalies; this fact indicates that, due
to electronic correlations, the spin and charge degrees of free-
dom in the DT-TTF chains are separated. The most important
result (Figure 4) is that the static magnetic susceptibility™ 3! »(T)
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Figure 4. Temperature dependence of the paramagnetic susceptibility. The solid
line is the fit to the expression (2) of reference |2¢] (see text). Insel shows the
temperature dependence of paramagnetic susceptibility measured by ESK on a
single crystal.

shows an activated behavior above 70 K together with a Curie—
Weiss behavior at higher temperatures. This is characteristic of
a system having localized spins with strong antiferromagnetic
interactions, which displays a spin gap. In this respect the exper-
imental data from 8 to 45 K can be fitied to the low temperature
expression for the susceptibility of a two-leg ladder model found
by Troyer et al. [Eq. (1)],/**! where = is a constant corresponding

Yiaaaes = @~ 12 exp(— 4/kT) (1)

to the dispersion of the excitation energy, and A is the finite
energy gap in the spin-excitation spectrum. For such a fit Equa-
tion (2), which takes into account the Curie contribution due

¥ = Fnager + (= F) Aewse (2)

both to the finite sizes of the ladders and to the magnetic defects
present in the crystals, was used. In Equation (2) fis the molar
fraction of [(DT-TTF),|'" units forming the regular ladder.
The resulting parameters of this fit were f= 098, x =7.22 x
10"* emuKY?mol ™!, and Ajk =78 K (r* = 0.9972). The ex-
perimental susceptibility was also fitted with the expression (2)
given by Barnes and Riera,!?! for a two-leg ladder model (solid
line in Figure 4). which provides the exchange coupling parame-
ters J, and J . of the ladder spin configuration. The resulting
parameters of such a fit were f = 0.980, J, /k = — 83 K and
J k= —142 K (r* = 0.9989). The ratio between J| and J | isin
good agreement with the ratio between the transfer integrals
evaluated from the #; and 1, values once the dimeric nature of the
elementary building block of the ladder is taken into account.
The spin gap has also been calculated from the resulting values
of J, and J, by using the expression A = |J,| — |J;| +J3/
2J M 1o give Afk = 83 K, in good agreement with the previ-
ous value. The intensity of the ESR signal. which is proportional
to the paramagnetic spin susceptibility, also exhibits the same
thermal dependence as the static spin susceptibility (inset of
Figure 4), confirming that the spin-ladder behavior occurs on
the organic [(DT-TTF),]"" stacks.
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The results presented here characterize [(DT-TTF),]-
[Au(mnt),] as the first example of a purely organic system with
a ladder spin configuration that shows this magnetic behavior
below 225 K. This result opens new possibilities to apply
supramolecular chemistry for tailoring ladder architectures with
different structural characteristics and promising magnetic
propertics.
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