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Wigner Crystal Type of Charge Ordering in an Organic Conductor
with a Quarter-Filled Band: (DI-DCNQI);Ag
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3C-.NMR measurements have been performed to investigate the nature of the insulating state of a
quasi-one-dimensional conductéBl-DCNQI),Ag, with a quarter-filled band. Thékr charge-density
wave has been evidenced below about 220 K by the line separation 6t@GHeMR spectra, which
shows a clear charge disproportionation instead of the lattice dimerization encountered in most cases.
The present case demonstrates the Wigner crystallization of electrons in the charge-transfer salt and a
crucial role of the long-range Coulomb interaction. [S0031-9007(98)06168-7]

PACS numbers: 71.45.Lr, 76.60.—k, 75.50.Ee

R, R>-DCNQI  (2,5-R!,R?-dicyanoquinonediimine) be smaller in(DI-DCNQI),Ag (R'/R? = iodine) than in
with R'/R?> = CH; (methyl group), | (iodine), etc., (DMe-DCNQI),Ag. Indeed, the bandwidth is predicted
is an organicsr acceptor molecule, which affords or- to be narrower in the DI-DCNQI system than in the DMe-
ganic charge transfer salts with metallic countercationsDCNQI by the first principles band calculation [5].

M = Ag and Cu. TheM complexes ofR!,R>-DCNQI, The behaviors of resistivity, magnetic susceptibility,
(R',R>-DCNQI),M, have the same crystal symmetry and 'H-NMR of (DI-DCNQI),Ag were revealed in our
with the space groug@4,/a, irrespective of the kind of previous work [8]. The resistivity is insulating at least
M or the substitution grou®'/R? [1]. In the crystal, below room temperature. The susceptibility shows no
planar DCNQI molecules are uniformly stacked along thespin gap and an antiferromagnetic ordering at 5.5 K is
crystallographicak axis and form one-dimensional (1D) evidenced by'H-NMR measurements. These form a
columns [2]. In (R',R>-DCNQI),Ag, the monovalent striking contrast to the properties dMe-DCNQI),Ag.

Ag does not contribute to the conduction band, which(DI-DCNQI),Ag is the first case of ther electron an-

is constructed by ther electrons in DCNQI columns tiferromagnet among the DCNQI-metal complex family.
with a quarter filling [3]. The (R',R>-DCNQI),Ag All of the results indicate that the electron correlation is
systems are advantageous to investigate the properties @fucial in the (DI-DCNQI),Ag. The enhanced correla-
the quasi-1D electronic system with respect to the contion effect in this salt is reasonably related to the narrow
trollability of the intracolumn bandwidth and the di- band as evaluated in the band calculation. If the molecu-
mensionality of the electronic systems, namely, thdar stacking and charge density are uniform, the filling of
ratio of the transfer integrals, /7, by changing the the 1D# electronic band ifDI-DCNQI),Ag is a quarter,
substitution groupR'/R? [4,5]. Such systems show which would give a metallic state. Considering the insu-
a variety of electronic phases in the presence of théating state without spin gap unlikedDMe-DCNQI),Ag,
electron correlation. The concern of the present paper isne expects occurrence of tHér charge density wave
the origin of the insulating state ifR!,R>-DCNQI),Ag.  (CDW), which leads to electron localization with the
It is noted that these uniformly stacking systems havespin degree of freedom remained. Unfortunately, the hy-
a different nature from the well-known quasi-one- perfine coupling betweehH nuclei and lowest unoccu-
dimensional quarter-filled TMTTF/TMTSF systems with pied molecular orbital (LUMO) electrons is too small to
dimerization and inherenttkr anion potential, which characterize the detailed electronic state by 'tHeNMR
are discussed to be crucial to the appearance of thechnique.

insulating ground state. (The TMTTF/TMTSF stands for To examine the electronic structure and clarify the
tetramethyltetrathiafulvalene / tetramethyltetrasalenafulvaerigin of the insulating state of the compouréiC-NMR
lene.) In fact, the charge ordering is uncovered in thismeasurements have been performed at the cyano site
Letter. in the DI-DCNQI molecule, which has large hyperfine

(DMe-DCNQI),Ag (R'/R? = CHs) behaves metallic coupling with electrons. We have succeeded in observing
at higher temperatures while it becomes insulating athe 4kr charge ordering which is qualitatively different
lower temperatures [6]. The ground state is the nonfrom the frequently encountered molecular dimerization.
magnetic Peierls (or spin-Peierls) state witi2/g- lat- In this Letter, we report the first NMR observation
tice distortion, which follows &k lattice distortion [7]. of the Wigner crystal type of charge ordering in the
The size of the iodine is much larger than that of thecharge transfer organic salt. The present observation is
methyl group as the substitution grold /R>. Conse- an evidence for the decisive role of the long-range nature
quently, the intrachain overlap integrgl is expected to of the electron correlation in this salt.
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The carbon site in the cyano group in the DI-DCNQI

where the spectra become split and broader, the spectra 301K

were constructed by scanning the echo intensity as a 45 0K:
function of frequency at the fixed field. The time interval 6 /\j\\

molecule was enriched by'aC isotope with the synthetic Noe, (DI-DCNQI),Ag
route given in Ref. [9]. The'*C-NMR measurements i I BC_NMR 87.6MHz
were made for a powdered sample weighing0 mg in Q/ '

a temperature range between 1.7 and 280 K under an I

external field of 8.2 T, which corresponds to an NMR N}3C

frequency of 87.6 MHz. The NMR spectra were obtained N

by the fast Fourier transformation of the spin echo 3'0K,_~_,—/—'/\
signal following thes /2-7 pulse sequence in a higher ‘5‘%%
temperature region, where the presefn® pulse width of 61K

4 us corresponding to the spectral width ofl20 kHz IO‘ZK__,,_:/_JL‘L
can cover the whole spectra. At lower temperatures, 202K :’/,AJ\A\L

7 betweens /2 and# pulses in our experiments # us.

We confirmed thatr is much smaller tharil, of the 897K
spectra in the whole temperature range so that the spectra 185K
can be regarded as those in the limit7of~ 0; e.g., 980 |

and570 ws for two split lines (see below) at 67 K. 137.1K '%//\/\\L

13C-NMR spectra are shown in Fig. 1, where the shift

is from the center of the gravity of the spectra of the 1644K M/\
nonmagnetic neutral DI-DCNQI powder. According to 174. 7
the first principles calculation [5], the cyano carbon 183. yia\
site is a node of the LUMO profile. Therefore, the 582:314 WA\

hyperfine field at thé>C nuclear site is mainly due to the 231.6&%‘....,.*»/\‘,%/\
through-bond core polarization and the dipole field from 240.

. . ) . . . 250.3K, ,,,,./f\\.. o
the spin on the neighboring nitrogen atom, which give 2809K
an isotropic field and an anisotropic field, respectively. . . ) -
As seen in the room temperature spectrum in Fig. 1, 6000 -4000  -2000 0 2000
the isotropic shift(—830 ppm) is several times larger Shift (ppm)
than the width coming from the anisotropic shift. This

situation is similar to the DMe-DCNQI molecule [10]. FIG. 1. "C-NMR spectra of the cyano carbon in the DI-

- DCNQI molecule of(DI-DCNQI),Ag at various temperatures.
At higher temperatures above 220 KC-NMR spectra The origin of the horizontal axis is taken to the first moment of

are single Iinesl, which is consistent With the fgct thatihe powder pattern of the chemical shift, which was measured
all of the 13C sites are crystallographically equivalent. for neutral DI-DCNQI molecules.

Below 220 K, however, the spectra get split into two

lines with different shiftk. The narrower line with a temperature 5.5 K reflects the low dimensionality of the
smaller shift and the broader one with a larger shiftelectronic system. On the other hand, the NMR line
are called the inner line and the outer one hereafteisplitting is a manifestation of thék CDW, which had
Although the outer line is much broader than the inneeen expected as an origin of the insulator with no spin
line, the intensities of the two lines are comparablegap. A 4kp x-ray scattering is observed by Nogami
Therefore, the line splitting indicates separation of theet al. [11].

carbon sites into two different electronic circumstances There are two types oftky CDW as depicted in
with equal populations. As shown in Fig. 1, the outerFig. 2(a), which shows the molecular dimerization, and
line becomes remarkably broadened with the width nearlyig. 2(b), which shows the spontaneous charge modu-
proportional to the central shift down to 45 K and finally lation. The separation of the NMR spectra itself can
spreads out beyond the proportionality below 30 K, andccur in both types of CDW through the following mecha-
the inner line also shows appreciable broadening welhisms. As seen in Fig. 2, the DCNQI molecules contain-
below 20 K although remaining observable down toing two '*C sites stack with the molecular faces inclined
the lowest temperature available. As suggested by theith respect to the stacking axis. In this situation, even if
susceptibility and evidenced by thH-NMR [8], the the dimerization pairing of molecules occurs as shown in
ground state is an antiferromagnetically ordered state. Ifig. 2(a), the DCNQI molecule essentially stays equiva-
this context, the low-temperature line broadening, whicHent. However, the twd3C sites denoted by’(4) and

is not scaled to the central shift, is attributed to theC(B) within a molecule become nonequivalent and can
2kr antiferromagnetic fluctuations and ordering. Thegive splitting of the spectra. In the charge-modulation
existence of the fluctuations well above the orderingtype [Fig. 2(b)], where thé3C sites within a molecule
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is concluded that thdky charge ordering is realized in
(DI-DCNQI),Ag.

The NMR shifts of the inner and outer lines defined by
the peak positionX; and K, are plotted as a function of
temperature in Fig. 3(a). The averaged stift + K,)/2
is well scaled to the spin susceptibility shown in the inset
in the whole temperature range. The hyperfine field at the
13C nucleus is-1.0 T/MB—DI—DCNQI- TheK,-/(Kl- + K,)
andK,/(K; + K,), which measures relative populations
of electron in the respective molecules, are shown in
Fig. 3(b). The charge disproportionation starting around
220 K saturates te-3:1 below 140 K. The electrons are
localized at the rich site with extension to the neighbor-
ing poor sites. This charge ordering with4&; modu-
lation is concluded to be responsible for the nonmetallic
state of the material. This is a kind of Wigner crystal-
lization [12] of electrons in nature and the first NMR
evidence among the organic charge transfer salts to the

c

FIG. 2. Schematics of two representatives4af: CDW; (a)
molecular-dimerization type, and (b) charge-modulation type.
The solid lines and shaded circles represent the DI-DCNQI
molecules and*C atoms, respectively, in side view. The bold
and thin lines in (b) correspond to the “rich electron” and “poor
electron” sites, respectively.

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

However, if the difference between the low-temperature
linewidth profiles of the two lines is taken into considera-
tion, the former case is ruled out in the present system.
As mentioned above, the excess broadening starts at 30 K
for the broad line, while there is no excess broadening
down to 20 K for the inner line. The different behaviors
at further lower temperatures are obvious. In the case of
the dimer type of CDW, the two lines originating from
the same molecule probe the electron spin on the identical
LUMO and therefore would have the same profile of low-
temperature line broadening. The observation cannot be
reconciled by the dimer type of CDW. In the context of
the charge-modulation type of CDW, the “rich electron”
site experiences serious fluctuations of local field, which
makes the broadening prominent, while, at the “poor
electron” site situated in between the rich electron site, the
local hyperfine field due to the antiferromagnetic short-
range order should be canceled out because the form
factor of the2kr spin fluctuations vanishes at the site in
question. This explains why the inner line alone is free
from spreading out at low temperatures. The dipole field
from the neighboring spin-rich molecules is negligible
in the paramagnetic state. With the magnetic ordering

approached, however, the staggered moment gives dnG. 3. (a) Temperature dependence of the peak positions of
he inner and outer linesk; and K,, and the averaged one,

K; + K,)/2. The susceptibilityy with correction of core dia-
. . magnetism is shown in the inset. (b) Temperature dependence
The line broadenings g, /(k; + K,) andK, /(K; + K,), which measure the rela-
below 10 K is attributable to this contribution. Thus, it tive populations of electron in the respective molecular species.

4739

appreciable anisotropic local field, which is not cancele
away because th€(II) site is off-center of the DCNQI
molecule, as seen in Fig. 2(b).
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author’s knowledge, while the lattice modulation type ofand Fukuyama [13], a spin configuration like0 | 0) is

4kr CDW is widely observed in many organic systemsrealized in the nondimeric chains. Our observation may
with a quarter-filled band. Seo and Fukuyama theoretibe understood along this line.

cally showed a manner in which the intersite Coulomb In  conclusion, 3C-NMR  experiments  on
interaction V leads to the charge disproportionation in (DI-DCNQI);Ag have demonstrated alkr charge
quarter-filled one-dimensional systems [13]. The presentrdering below 220 K with a charge disproportionation
result is viewed as an experimental demonstration of thisatio of 3:1. This Wigner crystallization evidences the
prediction. decisive role of the long-range Coulomb interaction of

It is mentioned that the presence of lattice deformatiorelectrons in the present system with a narrow band.
is not ruled out because the present NMR technique do€khe local spin susceptibility at the intermediate site in
not probe the molecular displacement. However, it is embetween the Wigner lattice is found to vanish in the
phasized that the observed large charge disproportionatiapin-ordered state as if a local singlet is formed there.
(~3:1) is not explained by lowering of the crystal symme- The present observation of the Wigner crystallization in a
try caused by a molecular displacement. The hyperfinenolecular conductor possibly opens a way to a systematic
field at the'3C site in question is made mainly by the spin investigation of the role of the long-range nature of the
on neighboring nitrogen sites via the through-bond coreCoulomb interaction in the electronic phase, which was
polarization. It is not acceptable that a minor molecu-missing in experiments until now, by controlling the
lar displacement such as the superlattice leads to bandwidth or dimensionality in theDCNQI),Ag family.
such modification of LUMO that the local electron popu- The present finding may have some connection with the
lation on the nitrogen site becomes different by as muchiecent observation of the charge-density modulation in
as 3 times. Moreover, the nonequivalence in the hyperthe 2k spin-density wave (SDW) state 6TMTSF),PF;
fine coupling cannot give such qualitatively different be-although it occurs simultaneously with the SDW transi-
haviors of the two lines as observed at low temperaturestion in the latter case [14].

The Wigner crystallization of electrons shows the cru- We thank K. Yonemitsu (IMS), H. Seo, and
cial role of the long-range Coulomb interaction betweenH. Fukuyama (University of Tokyo) for enlightening
electrons in the present system. (BMe-DCNQI),Ag, discussions on the theoretical aspects. This work was
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the bandwidth. Japan.
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