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The charge-ordered (CO) state is gaining attention as one of the
electronic states induced by an intermolecular Coulomb repulsion
energy ) in a strongly correlated system, which attracts experi-
mentatl and theoreticdlinterests. The characteristic feature of this
system is a competition between two different states, which affords
a variety of phenomena. In the case of organic materials, several
hot topics have emerged: competition between the metallic and
CO states induced by electric fieltlaser excitatiod?cand external
pressurédeand the huge nonlinear responses to external stithili.
Recently, the CO states of two pressure-induced organic super-
conductorsp-(BEDT-TTF)ls!4and (DODHT)X,¢were suggested
by 13C NMRY ESR!¢ SQUID and Raman spectroscdpy
measurements, but there has been no report on the direct structural
observation of the CO state. In this communication, we report the
first observation of a “checkerboard” pattern derived from a
pressure-induced superconducfB(meseDMBEDT-TTF),PF;, by
X-ray analysis at low temperature.
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Figure 1. Temperature dependences of the superlattice intensities at (5,
15/2, 3/2), (3, 11/2, 1/2), and (8, 15/25/2).

Our recent report has demonstrated that an attachment of WOy, \jume of the unit cell is twice that at room temperature.
methyl groups to a BEDT-TTF molecule succeeded in introducing according to a report on ET salts, it is possible to estimate the

moderate negative chemical pressure and dimeriz_ation to afford acharge distribution by the parametenwhich means the difference
new superconductoﬁ-(meseDMBEDT-TTF)ZPFB, with Te = 4.3 in length between the single and double bonds in the TTF skeleton.
K (onset) under 4.0 kbdrAt ambient pressure, the salt undergoes e nhaye adopted this method for this salt, anddhelues of the

a metat-insulator (M—I) transition at 90 K with a small anomaly two donors have proved to be 0.73 for molecule A and 0.79 for
arour_u_:l 220 K. In this study_, the gtructural change around thé M . molecule B. From the equation for char@ethe estimated ionicity
transition temperature was investigated by X-ray measurement using. o ggi- for charge-rich (molecule A) is evidently larger than that

an imaging plate detector. By lowering the temperature, the ot g 451 for the charge-poor (molecule B) site. In fact, the TTF
superstructure reflection$,(k/2, 1/2) suddenly appear around 90 gy ajeton of molecule A is almost a plane, whereas that of molecule

K (Figure 1), and the lattice parameters also deviate from 90 K. g ig gjightly bending. The calculated tilting angles between the two
These temperature dependences suggest that thietfdnsition 1,3-dithiole rings are 0.5 (molecule A) and 3.@nolecule B),

occurs with a structural change. _ ) respectively. The charge distribution is also distinguished by the
To obtain further information, X-_ra)_/ diffraction data_ at11.5 K energy level of HOMO. From the calculation using the atomic

were collected by synchrotron_ radiatibit was determlned that . ordinaté at 11.5 K, the HOMO energy of the charge-rich site is

the low-temperature structure igp2x (—by + ¢;) x 8 with the higher than that of the charge-poor site. A similar split of HOMO

space group ofPi, whereay, by, and ¢, represent the room- g0y s observed in the CO state of (BEDT-TIMNCLL),, where
temperature triclinic unit cell (Figure 2A). The molecules A and o 4 charge from the two MnG}~ is in proportion to one 2

B,.making a pair with the str(_)ngest_ donatonor interaction termed (rich) and two ¥ (poor) charges of the donor molecufeShe
“dimer”,* are crystallographically independent (Figure 2B) as the . cjation proved that the HOMO energy of thé gite is higher
inversion center within the dimer has disappeared. Consequently, i that of the + site. The results are consistent with the fact
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that the HOMO level becomes higher as the charge is injected due
to the on-site Coulomb repulsion. In consequence, the charge
distribution is illustrated by a checkerboard mapping consisting of
charge-rich (molecule A, red) and -poor (molecule B, blue) sites

10.1021/ja0573070 CCC: $33.50 © 2006 American Chemical Society
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Figure 2. (A) Crystal structure and (B) donor molecules @f{mese
DMBEDT-TTF),PFs (hydrogen atoms are omitted for the sake of clarity).
(C) A mapping of charge ordering by the charge-rich (red) and -poor (blue)
sites.

Table 1. Donor—Donor Distances®?
intradimer A—B (rich-poor) 38A
interdimer A—A’ (rich-rich) 53A
B—B' (poor-poor) 55A
intercolumn A-B" (rich-poor) 6.5A

aDefined as the distances between the center of gravity of the BEDT-
TTF moiety.? The numbers of donor molecules follow that in Figure 2C.

(Figure 2C). In the column structure, the charge-rich (r) and -poor
(p) molecules are arranged not as rprprprp, but as rrpprrpp. This
arrangement is not related to the location of the counteraniqy, PF
For the purpose of considering the periods of r and p, the donor

donor distances are summarized in Table 1. On the supposition

that V is determined by the donedonor distance based on the
point-charge model, the charge distribution should be rp in the

nearest intradimer pair, due to the electr@bectron repulsion.
Along this line, the distribution should be rp in the second-nearest
interdimer pair, whereas the result proved to be rr or pp. It must
be recalled that the donedonor distance of the nearest intercolumn
pair is 6.5 A, farther than the two intracolumn pairs. The charge
modulation of the interdimer pair is a key to the rrpprrpp period,
in other words, a key to the checkerboard CO state. The elaborate
model gives an explanation by including the electrphonon
interactio® and the intermolecular electremlectron Coulomb
interaction, based not only on the intermolecular distaRdaut

also on the effective molecular size?® In this system, the latter
intermolecular Coulomb repulsion energy) (causes the charge
ordering to produce the flat charge-rich and the bent charge-poor
molecules. The motion of charged molecules leads to lattice
instability and influences the CO state in organic crystals. Conse-
quently, flexibility of molecules to couple strongly to a lattice with
an electronic state is a specific feature of organic materials.

In conclusion, we have solved the crystal structur@-gfnese
DMBEDT-TTF),PFR; at 11.5 K by X-ray analysis. The structure
reveals that the dimer molecules with equal-0.harges at room
temperature have split into crystallographically independent mol-
ecules with the rich and poor charges below 90 K, so that the low-
temperature insulating phase is a CO state. The pattern of charge
distribution is a checkerboard-type, and the first time this type of
pattern has been observed in pressure-induced organic superconduc-
tors. Further investigations of the checkerboard CO state by several
methods are underway.

Supporting Information Available: Experimental data and an
X-ray crystallographic file at 11.5 K in CIF format fgf-(mese
DMBEDT-TTF),PF are available. This material is available free of
charge via the Internet at http://pubs.acs.org.
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