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13C-NMR measurements have been performed to investigate the nature of the insulating sta

quasi-one-dimensional conductor,sDI-DCNQId2Ag, with a quarter-filled band. The4kF charge-density
wave has been evidenced below about 220 K by the line separation of the13C-NMR spectra, which
shows a clear charge disproportionation instead of the lattice dimerization encountered in most
The present case demonstrates the Wigner crystallization of electrons in the charge-transfer sa
crucial role of the long-range Coulomb interaction. [S0031-9007(98)06168-7]

PACS numbers: 71.45.Lr, 76.60.–k, 75.50.Ee
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R1,R2-DCNQI (2,5-R1,R2-dicyanoquinonediimine)
with R1yR2  CH3 (methyl group), I (iodine), etc.,
is an organicp acceptor molecule, which affords or
ganic charge transfer salts with metallic countercation
M  Ag and Cu. TheM complexes ofR1,R2-DCNQI,
sR1,R2-DCNQId2M, have the same crystal symmetr
with the space groupI41ya, irrespective of the kind of
M or the substitution groupR1yR2 [1]. In the crystal,
planar DCNQI molecules are uniformly stacked along t
crystallographicalc axis and form one-dimensional (1D
columns [2]. In sR1,R2-DCNQId2Ag, the monovalent
Ag does not contribute to the conduction band, whic
is constructed by thep electrons in DCNQI columns
with a quarter filling [3]. The sR1,R2-DCNQId2Ag
systems are advantageous to investigate the propertie
the quasi-1D electronic system with respect to the co
trollability of the intracolumn bandwidth and the di
mensionality of the electronic systems, namely, t
ratio of the transfer integralst'ytk, by changing the
substitution groupR1yR2 [4,5]. Such systems show
a variety of electronic phases in the presence of t
electron correlation. The concern of the present pape
the origin of the insulating state insR1,R2-DCNQId2Ag.
It is noted that these uniformly stacking systems ha
a different nature from the well-known quasi-one
dimensional quarter-filled TMTTF/TMTSF systems wit
dimerization and inherent4kF anion potential, which
are discussed to be crucial to the appearance of
insulating ground state. (The TMTTF/TMTSF stands fo
tetramethyltetrathiafulvalene / tetramethyltetrasalenafulv
lene.) In fact, the charge ordering is uncovered in th
Letter.

sDMe-DCNQId2Ag sR1yR2  CH3d behaves metallic
at higher temperatures while it becomes insulating
lower temperatures [6]. The ground state is the no
magnetic Peierls (or spin-Peierls) state with a2kF lat-
tice distortion, which follows a4kF lattice distortion [7].
The size of the iodine is much larger than that of th
methyl group as the substitution groupR1yR2. Conse-
quently, the intrachain overlap integraltk is expected to
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be smaller insDI-DCNQId2Ag sR1yR2  iodined than in
sDMe-DCNQId2Ag. Indeed, the bandwidth is predicte
to be narrower in the DI-DCNQI system than in the DMe
DCNQI by the first principles band calculation [5].

The behaviors of resistivity, magnetic susceptibilit
and 1H-NMR of sDI-DCNQId2Ag were revealed in our
previous work [8]. The resistivity is insulating at leas
below room temperature. The susceptibility shows
spin gap and an antiferromagnetic ordering at 5.5 K
evidenced by1H-NMR measurements. These form
striking contrast to the properties ofsDMe-DCNQId2Ag.
sDI-DCNQId2Ag is the first case of thep electron an-
tiferromagnet among the DCNQI-metal complex family
All of the results indicate that the electron correlation
crucial in the sDI-DCNQId2Ag. The enhanced correla-
tion effect in this salt is reasonably related to the narro
band as evaluated in the band calculation. If the molec
lar stacking and charge density are uniform, the filling
the 1Dp electronic band insDI-DCNQId2Ag is a quarter,
which would give a metallic state. Considering the ins
lating state without spin gap unlikesDMe-DCNQId2Ag,
one expects occurrence of the4kF charge density wave
(CDW), which leads to electron localization with th
spin degree of freedom remained. Unfortunately, the h
perfine coupling between1H nuclei and lowest unoccu-
pied molecular orbital (LUMO) electrons is too small t
characterize the detailed electronic state by the1H-NMR
technique.

To examine the electronic structure and clarify th
origin of the insulating state of the compound,13C-NMR
measurements have been performed at the cyano
in the DI-DCNQI molecule, which has large hyperfin
coupling with electrons. We have succeeded in observ
the 4kF charge ordering which is qualitatively differen
from the frequently encountered molecular dimerizatio
In this Letter, we report the first NMR observatio
of the Wigner crystal type of charge ordering in th
charge transfer organic salt. The present observation
an evidence for the decisive role of the long-range natu
of the electron correlation in this salt.
© 1998 The American Physical Society 4737
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The carbon site in the cyano group in the DI-DCNQ
molecule was enriched by a13C isotope with the synthetic
route given in Ref. [9]. The13C-NMR measurements
were made for a powdered sample weighing,20 mg in
a temperature range between 1.7 and 280 K under
external field of 8.2 T, which corresponds to an NM
frequency of 87.6 MHz. The NMR spectra were obtaine
by the fast Fourier transformation of the spin ech
signal following thepy2-p pulse sequence in a highe
temperature region, where the presentpy2 pulse width of
4 ms corresponding to the spectral width of,120 kHz
can cover the whole spectra. At lower temperature
where the spectra become split and broader, the spe
were constructed by scanning the echo intensity as
function of frequency at the fixed field. The time interva
t betweenpy2 andp pulses in our experiments is50 ms.
We confirmed thatt is much smaller thanT2 of the
spectra in the whole temperature range so that the spe
can be regarded as those in the limit oft ! 0; e.g., 980
and570 ms for two split lines (see below) at 67 K.

13C-NMR spectra are shown in Fig. 1, where the sh
is from the center of the gravity of the spectra of th
nonmagnetic neutral DI-DCNQI powder. According t
the first principles calculation [5], the cyano carbo
site is a node of the LUMO profile. Therefore, th
hyperfine field at the13C nuclear site is mainly due to the
through-bond core polarization and the dipole field fro
the spin on the neighboring nitrogen atom, which giv
an isotropic field and an anisotropic field, respective
As seen in the room temperature spectrum in Fig.
the isotropic shift s2830 ppmd is several times larger
than the width coming from the anisotropic shift. Thi
situation is similar to the DMe-DCNQI molecule [10]
At higher temperatures above 220 K,13C-NMR spectra
are single lines, which is consistent with the fact th
all of the 13C sites are crystallographically equivalen
Below 220 K, however, the spectra get split into tw
lines with different shiftK. The narrower line with a
smaller shift and the broader one with a larger sh
are called the inner line and the outer one hereaft
Although the outer line is much broader than the inn
line, the intensities of the two lines are comparab
Therefore, the line splitting indicates separation of th
carbon sites into two different electronic circumstanc
with equal populations. As shown in Fig. 1, the oute
line becomes remarkably broadened with the width nea
proportional to the central shift down to 45 K and finall
spreads out beyond the proportionality below 30 K, a
the inner line also shows appreciable broadening w
below 20 K although remaining observable down
the lowest temperature available. As suggested by
susceptibility and evidenced by the1H-NMR [8], the
ground state is an antiferromagnetically ordered state.
this context, the low-temperature line broadening, whi
is not scaled to the central shift, is attributed to th
2kF antiferromagnetic fluctuations and ordering. Th
existence of the fluctuations well above the orderin
4738
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FIG. 1. 13C-NMR spectra of the cyano carbon in the DI
DCNQI molecule ofsDI-DCNQId2Ag at various temperatures
The origin of the horizontal axis is taken to the first moment
the powder pattern of the chemical shift, which was measu
for neutral DI-DCNQI molecules.

temperature 5.5 K reflects the low dimensionality of th
electronic system. On the other hand, the NMR li
splitting is a manifestation of the4kF CDW, which had
been expected as an origin of the insulator with no s
gap. A 4kF x-ray scattering is observed by Nogam
et al. [11].

There are two types of4kF CDW as depicted in
Fig. 2(a), which shows the molecular dimerization, a
Fig. 2(b), which shows the spontaneous charge mo
lation. The separation of the NMR spectra itself ca
occur in both types of CDW through the following mech
nisms. As seen in Fig. 2, the DCNQI molecules conta
ing two 13C sites stack with the molecular faces incline
with respect to the stacking axis. In this situation, even
the dimerization pairing of molecules occurs as shown
Fig. 2(a), the DCNQI molecule essentially stays equiv
lent. However, the two13C sites denoted byCsAd and
CsBd within a molecule become nonequivalent and c
give splitting of the spectra. In the charge-modulatio
type [Fig. 2(b)], where the13C sites within a molecule
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FIG. 2. Schematics of two representatives of4kF CDW; (a)
molecular-dimerization type, and (b) charge-modulation typ
The solid lines and shaded circles represent the DI-DCN
molecules and13C atoms, respectively, in side view. The bold
and thin lines in (b) correspond to the “rich electron” and “poo
electron” sites, respectively.

are equivalent, the molecule becomes separated into
kinds with rich and poor electron densities, giving spli
ting of spectra.

However, if the difference between the low-temperatu
linewidth profiles of the two lines is taken into considera
tion, the former case is ruled out in the present syste
As mentioned above, the excess broadening starts at 3
for the broad line, while there is no excess broadeni
down to 20 K for the inner line. The different behavior
at further lower temperatures are obvious. In the case
the dimer type of CDW, the two lines originating from
the same molecule probe the electron spin on the identi
LUMO and therefore would have the same profile of low
temperature line broadening. The observation cannot
reconciled by the dimer type of CDW. In the context o
the charge-modulation type of CDW, the “rich electron
site experiences serious fluctuations of local field, whi
makes the broadening prominent, while, at the “po
electron” site situated in between the rich electron site, t
local hyperfine field due to the antiferromagnetic shor
range order should be canceled out because the fo
factor of the2kF spin fluctuations vanishes at the site i
question. This explains why the inner line alone is fre
from spreading out at low temperatures. The dipole fie
from the neighboring spin-rich molecules is negligibl
in the paramagnetic state. With the magnetic orderi
approached, however, the staggered moment gives
appreciable anisotropic local field, which is not cancele
away because theCsIId site is off-center of the DCNQI
molecule, as seen in Fig. 2(b). The line broadenin
below 10 K is attributable to this contribution. Thus, i
e.
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is concluded that the4kF charge ordering is realized in
sDI-DCNQId2Ag.

The NMR shifts of the inner and outer lines defined
the peak positionsKi andKo are plotted as a function o
temperature in Fig. 3(a). The averaged shiftsKi 1 Kody2
is well scaled to the spin susceptibility shown in the ins
in the whole temperature range. The hyperfine field at
13C nucleus is21.0 TymB DI-DCNQI. TheKiysKi 1 Kod
and KoysKi 1 Kod, which measures relative population
of electron in the respective molecules, are shown
Fig. 3(b). The charge disproportionation starting arou
220 K saturates to,3:1 below 140 K. The electrons ar
localized at the rich site with extension to the neighbo
ing poor sites. This charge ordering with a4kF modu-
lation is concluded to be responsible for the nonmeta
state of the material. This is a kind of Wigner crysta
lization [12] of electrons in nature and the first NM
evidence among the organic charge transfer salts to

FIG. 3. (a) Temperature dependence of the peak position
the inner and outer lines,Ki and Ko , and the averaged one
sKi 1 Kody2. The susceptibilityx with correction of core dia-
magnetism is shown in the inset. (b) Temperature depende
of KiysKi 1 Kod and KoysKi 1 Kod, which measure the rela
tive populations of electron in the respective molecular spec
4739
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author’s knowledge, while the lattice modulation type o
4kF CDW is widely observed in many organic system
with a quarter-filled band. Seo and Fukuyama theore
cally showed a manner in which the intersite Coulom
interaction V leads to the charge disproportionation i
quarter-filled one-dimensional systems [13]. The prese
result is viewed as an experimental demonstration of th
prediction.

It is mentioned that the presence of lattice deformatio
is not ruled out because the present NMR technique do
not probe the molecular displacement. However, it is em
phasized that the observed large charge disproportiona
s,3:1d is not explained by lowering of the crystal symme
try caused by a molecular displacement. The hyperfi
field at the13C site in question is made mainly by the spi
on neighboring nitrogen sites via the through-bond co
polarization. It is not acceptable that a minor molec
lar displacement such as the4kF superlattice leads to
such modification of LUMO that the local electron popu
lation on the nitrogen site becomes different by as mu
as 3 times. Moreover, the nonequivalence in the hyp
fine coupling cannot give such qualitatively different be
haviors of the two lines as observed at low temperature

The Wigner crystallization of electrons shows the cru
cial role of the long-range Coulomb interaction betwee
electrons in the present system. InsDMe-DCNQId2Ag,
the dimer type of4kF CDW was suggested to occur a
100 K, which is higher by 20 K than the paramagnetic-t
nonmagnetic transition at 80 K [7]. Thus, the correlatio
effect manifests itself in a different manner, depending
the bandwidth.

Next, our attention is directed to the spin-ordere
state at low temperatures. As discussed above,
spectra observed at low temperatures are for the sites
between the Wigner lattice of electrons, which eventua
undergoes the long-range antiferromagnetic order. In
paramagnetic state at higher temperatures, the shift of
intermediate siteKi is proportional to the charge density
there. As seen in Figs. 1 and 3, however, it turns towa
zero with gradual broadening below 10 K. Curious
the vanishing of the central shift in the spin-ordere
state. As seen in the spectra of the powdered sam
in the paramagnetic state, the isotropic term is domina
in the hyperfine field. This means that the central sh
should be scaled to the spin susceptibility given in th
inset of Fig. 3(a) even in the ordered state, since t
field-parallel component of the antiferromagnetic mome
is responsible for the central shift; the perpendicul
component gives only the width of the spectra throug
the off-diagonal hyperfine tensor. Therefore, the prese
observation is not trivial but means that the spin
the intermediate site with a finite charge density, whic
gives paramagnetic susceptibility at higher temperatur
behaves as if it were in a local singlet in the ordere
state. According to the theoretical investigation on th
spin structure in theV -driven charge ordered state by Se
4740
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and Fukuyama [13], a spin configuration likes" 0 # 0d is
realized in the nondimeric chains. Our observation m
be understood along this line.

In conclusion, 13C-NMR experiments on
sDI-DCNQId2Ag have demonstrated a4kF charge
ordering below 220 K with a charge disproportionatio
ratio of 3:1. This Wigner crystallization evidences th
decisive role of the long-range Coulomb interaction
electrons in the present system with a narrow ban
The local spin susceptibility at the intermediate site
between the Wigner lattice is found to vanish in th
spin-ordered state as if a local singlet is formed the
The present observation of the Wigner crystallization in
molecular conductor possibly opens a way to a systema
investigation of the role of the long-range nature of th
Coulomb interaction in the electronic phase, which w
missing in experiments until now, by controlling th
bandwidth or dimensionality in thesDCNQId2Ag family.
The present finding may have some connection with t
recent observation of the charge-density modulation
the 2kF spin-density wave (SDW) state ofsTMTSFd2PF6

although it occurs simultaneously with the SDW trans
tion in the latter case [14].
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