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Abstract

Recently, materials with a triangular lattice have attracted
much attention due to their interesting physical properties, such
as a quantum spin liquid. It has been reported that organic
conductors x-(ET),Cu,(CN), (1) and x-(ET),Ag,(CN), (2)
show quantum spin liquid behavior, where ET is bis(ethylen-
edithio)tetrathiafulvalene. These two salts are the only ones
known as x-type ET salt organic conductors with a nearly reg-
ular triangular lattice. Therefore, in order to develop new
materials with a regular triangular lattice, we synthesized
k-(ET),Cu, Ag,, (CN), (3) by mixing Cu” and Ag" ions. We
analyzed the element distribution and composition ratio in the
crystal by scanning electron microscope (SEM) and energy
dispersive x-ray spectroscope (EDX). The Cu”and Ag" ions
were distributed uniformly in the crystals. The x was found to
be x = 0.82 + 0.01 for batch #1, and x = 0.81 £ 0.06 for batch
#2. The mixed crystal showed semiconducting behavior with
activation energy (£ /k,) of 711 K. This material is considered
a Mott insulator.
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1. Introduction

Recently, materials with a triangular lattice have attracted
much attention due to their interesting character, such as a spin
liquid. In 2003, the first quantum spin liquid was discovered in
an organic Mott insulator x-(ET),Cu,(CN), (1) having a trian-
gular latticeV, where ET is bis(ethylenedithio)tetrathiaful-
valene. This material has a layered crystal structure and x-type
molecular arrangement as shown Fig.1. ET forms a dimer that
has one hole, and therefore, one spin S = 1/2. Spins on dimers
form triangular lattices and interact anti-ferromagnetically,
which causes spin frustration and quantum spin liquid behav-
ior. Recently, by substituting Cu for Ag, x-(ET),Ag,(CN), (2)
was synthesized.®® It also has a triangular lattice and shows

quantum spin liquid behavior. However, there is no report of a

mixed crystal. Here, we report the synthesis and transport
properties of the mixed crystal k-(ET),Cu, Ag, ,_(CN),(3).

2. Materials and Methods

2-1 Preparation of single crystals of x-(ET)ZCuZXAgZ(I_X)
(CN),3)

Electrocrystallization was performed at the temperature of
293 or 303 K. Typically, ET (7.6 mg, 0.02 mmol) was placed
in the anodic compartment, and tetrabutylammonium
(TBA)-Ag(CN), (32.3 mg, 0.08 mmol) and CuCN (7.4 mg,
0,08 mmol) were placed in the cathodic compartment.
Reagents in both compartments were dissolved in a mixture of
1,1,2-trichloroethane (15 ml) and acetonitrile (3 ml) under a N,
atmosphere. A constant current (1 or 0.2 pA) was passed
between the two platinum electrodes over about two weeks or

three months.

2-2 Single-crystal X-ray crystallography

Single-crystal X-ray diffraction data of 3 were collected on
the diffractometer (XtaLAB Rigaku Oxford diffraction at 298
K) using graphite-monochromated Mo Ka radiation (4 =
0.71073 A).

2-3 SEM/EDX analysis

The ratio of Cu and Ag in 3 was determined by scanning

(b)

Fig. 1. (a) x-type molecular arrangement in ET layer. (b) ET dimer
represented by the black circle forms a triangular lattice with
interdimer transfer interactions, 7 and ¢’.
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electron microscope (SEM) equipped with energy dispersive
X-ray spectroscopy (EDX).

2-4 Conductivity measurement
The direct current conductivity of 3 was measured using a
standard four-probe technique with gold wires (¢ = 15 um)

attached to a single crystal with carbon paste.

3. Results and Discussion

3-1 Crystal structure

Hexagonal or rhomboid plate-shaped single crystals of 3
were grown on the anodic electrode in batch #1 and #2. X-ray
diffraction measurement was performed on a crystal (#2-cl)
from batch #2. It was found that 3 is isostructural to
x-(ET),Cu,(CN), (1) and x-(ET),Ag,(CN), (2).

Table 1 shows the lattice constants of the mixed crystal (#2-
cl), 1 and 2.® The deviations of the in-plan lattice constants b
and ¢ from those of 1 and 2 are less than 1% in the mixed
crystal. Since the structure of the mixed crystal is very similar
to those of 1 and 2, it is a candidate for a quantum spin liquid

with a nearly regular triangular lattice.

3-2 Elemental analysis
Fig. 2 shows the EDX mapping of Ag and Cu for the crystal
(#1-c1) from batch #1 and the crystal (#2-cl) from batch #2.

Table 1. Lattice constants of a mixed crystal, 1, and 2

x-(ET),Cu Ag, (CN), 1(Cu) 2 (Ag)
space group P2 /c P2 /c P2 /e
a(A) 16.1621 (2) 16.080 15.055
b(A) 8.63480 (10) 8.5837 8.7030
c(A) 13.4614 (2) 13.3946 13.412
L) 114.061 (2) 113.3490 91.307
V(A% 1715.40 (5) 1697.4 1756.8
T(K) 298 300 300

for #2-c1. Each scale bar is 60 um long.
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Fig. 2. EDX mapping of (a) Ag and (b) Cu for #1-cl, (c) Ag and (d) Cu

Cu and Ag are distributed homogeneously in the crystal. The
ratios of Cu and Ag (Cu : Ag = x : (1-x)) were determined by
quantitative EDX analysis (x = 0.81 for #1-c1 and x = 0.75 for
#2-c1). It is consistent with X-ray diffraction analysis of #2-c1.
EDX mapping was performed on several crystals from #1 and
#2. Batch #1 has little sample dependence (x = 0.82+0.01)
while #2 has certain sample dependence (x = 0.81+0.06).
Though equal amounts of Cu and Ag were used, the concen-

tration of Cu was higher than that of Ag in the crystals.

3-3 Electrical conductivity of lc-(ET)ZCuL\_Agm_x)(CN)3 A3
Fig. 3 (a) displays the temperature dependence of resistivity
of the mixed crystal (#2-c4, x = 0.87). The intralayer resistivity
was 0.06 Qcm at room temperature. The compound shows
semiconducting behavior. The activation energy (E) was
obtained from the slope of Arrhenius Plot (Fig.3(b)) using the
relation, Inp o¢ exp(E /k,T), where k, denotes Boltzmann’s
constant. The activation energy (£ /k,) of 3 (x = 0.87) was 711
K, which is in between 1 (420~500 K)® and 2 (1000 K). Thus,
we conclude that 3 is a Mott insulator as is the case of mother

compounds 1 and 2.

Conclusion

In summary, we succeeded in synthesizing new organic con-
ductors x-(ET),Cu, Ag,, (CN), with a triangular lattice by
mixing Cu and Ag. In the crystal, both Cu and Ag distributed
homogeneously. The temperature dependence of the resistivity
shows semiconducting behavior with an activation energy of

711 K. The mixed crystal is considered a Mott insulator.
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Fig. 3. The temperature dependence of resistivity of x-(ET),Cu, Agy .,
(CN); (x =0.87) (a) and the Arrhenius Plot (b).
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