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The electronic state of two-dimensional organic conductor, �-�BEDT-TTF�2CsZn�SCN�4, has been investi-
gated by means of 13C-NMR line shape analyses on selectively 13C-enriched single crystal sample. Strong
charge disproportionation was found to develop in the “metallic” state well above metal-insulator transition
temperature of �20 K. The charge disproportionation becomes almost static below �140 K, forming a short-
range charge ordering, but no long-range ordering is stabilized at low temperatures down to 5 K. About half of
the molecular sites become nonmagnetic, while the other half carries finite magnetic moments. Charge dispro-
portionation becomes very much reduced at least at the nonmagnetic molecular sites, implying that charge
rearrangement occurs at �20 K.
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I. INTRODUCTION

Charge ordering �CO� phenomena are attracting wide in-
terest in research in the field of organic molecular
conductors.1–3 It has been well established that the CO state
is one of typical ground states of the so-called 2:1 type
charge transfer molecular complexes with quasi-one-
dimensional4–10 and two-dimensional �2D� conductions.11–14

It is a novel manifestation of the Coulomb correlation, where
not only the short-range �on-site� Coulomb repulsion U15 but
also intersite components Vij are responsible.16 Increasing
numbers of material have been experimentally revealed to
exhibit various types of CO ground states,1 and many theo-
retical trials have been proposed to describe the diverse elec-
tronic states based on different molecular arrangements in a
systematic way.2,3

In addition to the long-range �LR� CO ground states,
novel features closely related to the charge degree of free-
dom have been found in the vicinity of long-range CO states.
Competition between different types of COs can be tuned
by applying pressure, leading to charge disproportionation
�CD� without LR-CO, a charge-glass state and/or a melting
of CO. In a typical one-dimensional CO system,
�DCl-DCNQI�2Ag,4 Itou et al. reported that the CO
ground state melts under pressure into a three-dimensional
liquid with cubic temperature dependence of resistivity,17

which implies an unprecedented mechanism of
electron-electron scattering. In a 2D CO system,
�-�BEDT-TTF�2RbZn�SCN�4, large CDs with extremely
slow fluctuations have been found to develop already in the
metallic region above the transition temperature.18 A similar
but different type of CD was found in another 2D-CO sys-
tem, �-�BEDT-TTF�2I3, at temperatures well above the tran-
sition temperature.13,14,19 Short-range charge orders were
found to coexist with metallic behavior in some organic
materials,20 as well as in inorganic oxides.21

�-ET2RbZn�SCN�4 �abbreviated as RbZn salt, hereafter�
is a well-known 2D-CO system. The CO below the metal-
insulator transition at 190 K was confirmed by NMR,11,12 x
ray,22 vibrational spectroscopy,23 and optical conductivity.24

There had been synthesized a series of �-phase compounds,
which have a characteristic donor arrangement with high
symmetry in the conducting 2D layers. Mori et al. found a
systematic relation between the molecular arrangement �ac-
tually, the dihedral angle between adjacent donor molecules
in the conducting layer� and the metal-insulator transition
temperature; the larger dihedral angle gives the higher metal-
insulator transition temperature.25 A sister member of the
RbZn salt, �-ET2RbCo�SCN�4, was confirmed to have a CO
state.26 Recently, the CO in �-ET2TlZn�SCN�4 was also
observed.27

The title compound, �-ET2CsZn�SCN�4 �abbreviated as
CsZn salt, hereafter�, is a member of the �-phase com-
pounds, which has a crystal structure almost identical with
that of the RbZn salt with a slightly smaller dihedral angle
�105°� than that of the latter �111°�. It behaves metallically at
high temperatures with a broad resistance minimum around
100 K and a rapid increase of resistance is observed only
below 20 K.25,28 Magnetic susceptibility decreases monoto-
nously with decreasing temperature down to 20 K, below
which a Curie-like behavior appears.25 However, electron
paramagnetic resonance �EPR� measurements by Nakamura
et al. suggested a spin-singlet ground state below 20 K.29

Contrary to the case of the RbZn salt, no long-range order
was observed by x-ray measurements down to low tempera-
tures, while short-range lattice modulations with different
wave numbers develop below �120 K.30,31 Mori et al.
pointed out that the metal-insulator transition around 20 K of
the CsZn salt should be qualitatively different from that of
the RbZn salt by considering the transition behaviors in al-
loyed compounds, �-ET2RbxCs1−xZn�SCN�4.32

Recently, Terasaki and co-workers have discovered a
giant nonlinear resistance effect in �-ET2CsM��SCN�4

PHYSICAL REVIEW B 77, 115113 �2008�

1098-0121/2008/77�11�/115113�10� ©2008 The American Physical Society115113-1

http://dx.doi.org/10.1103/PhysRevB.77.115113


�M�=Co,Zn� and attributed it to the competition between
the different short-range orders.33,34 Moreover, they observed
the “melting” of insulating domains by applying large elec-
tric current.34 It is believed that short-range CO’s suggested
by lattice modulations are responsible for these interesting
anomalous behaviors. The CsZn salt is another interesting
system where short-range CO’s play essential roles in the
vicinity of long-range CO state.

The purpose of the present work is to clarify the existence
of possible short-range CO’s in the CsZn salt and to investi-
gate their dynamical properties by means of 13C-NMR line
shape analyses on selectively 13C-enriched single crystal
sample. We also measured spin-spin relaxation rate or homo-
geneous linewidth, 1 /T2, which is a powerful probe of slow
dynamics of the local fields seen by the probe nuclei with a
characteristic frequency of the order of the linewidth
approximately-several kilohertz.18,35 While some of the ex-
perimental results have already been mentioned in several
previous papers,36–38 we will describe here the details of the
measurements, the procedure of the analyses, and the pic-
tures of the electronic state derived from the observations
mentioned

The paper is organized as follows. Experimental details
are described in Sec. II. In Sec. III, experimental results and
discussions are given. After taking an overview of tempera-
ture dependence of 13C-NMR spectrum, precise angular de-
pendences of the spectrum in the ab plane at three typical
temperatures, room temperature �295�, 110, and 5 K, are
shown and discussed in Secs. III A–III C, respectively. Ho-
mogeneous spectra obtained by fast Fourier transformation
�FFT� of echo-decay curve are compared with inhomoge-
neous ones and the dynamics of charge fluctuation are ana-
lyzed in Sec. III D. Inhomogeneous spectra are analyzed in
order to investigate the features of CD in Sec. III E. In Sec.
III F, results of 13C-NMR are compared with related experi-
ments and theories. Conclusions are given in Sec. IV.

II. EXPERIMENT

Single crystals of the title compound were prepared on the
basis of BEDT-TTF molecule in which the central double-
bonded carbon sites were selectively replaced with 13C iso-
tope �I=1 /2�. 13C-NMR measurements were performed on
single crystal samples of a few milligrams in weight. Reso-
nance frequency was 88 MHz, which corresponds to a reso-
nance field of 8.2 T.

Absorption spectra were usually obtained by the FFT of
spin echo signals following � /2-� pulse sequences. We also
used free induction decay �FID� signals after � /2 pulse to
get spectrum through FFT. Spectral shifts, such as center of
mass of spectrum and peak positions, were measured with
respect to the resonance position of 13C nuclei in tetrame-
thylsilane �abbreviated as TMS� as reference. Angular depen-
dence of the spectrum was measured using a home-made
NMR probe with a rotating sample holder.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of 13C-NMR

spectrum when the external field was applied perpendicular
to the conducting plane �parallel to a axis; ��90°�. At room
temperature, the spectrum consists of several �actually four�
sharp peaks. This is well explained as a quartet structure
which is characteristic of dipolar-coupled 13C nuclei. Below
180 K, the spectrum becomes significantly broadened. At
low temperatures, the spectrum becomes two broad peaks
mainly due to nuclear dipolar coupling with excess asym-
metric tail.

Temperature dependences of the central shift and the sec-
ond moment of the observed spectrum are plotted in Fig. 2
closed circles and closed squares, respectively�. Center of
mass of the spectrum exhibits a small temperature depen-
dence, which seems to be well scaled to that of static
susceptibility.29 Below 30 K, the central shift starts to de-
crease suggesting a partial reduction of static susceptibility,
while the reported susceptibility data exhibited a Curie tail
corresponding to paramagnetic impurities.29 Drop of central
shift can be observed more clearly when the external field
was applied along the c axis, since the Knight shift is much
larger in this direction.39 Details are published separately.

The second moment at high temperatures comes from the
peak structure, whose contribution is estimated as 3.7 kHz2.
Excess broadening appears below �180 K. It should be
noted that there appears no sharp structure as observed in the
RbZn salt at low temperatures. This indicates that there is no
long-range charge ordering even below the metal-insulator
transition around 20 K.

In order to analyze the nature of the electronic state in
each of the different temperature regions, precise angular
dependence of the 13C-NMR spectrum was measured at

θ

FIG. 1. Temperature dependence of 13C-NMR spectrum when
the external field is applied along the a axis.
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room temperature �295�, 101, and 5 K. The external field
was rotated in the ab plane, where all BEDT-TTF molecules
are crystallographically equivalent with respect to the field.

A. Angular dependence at room temperature

Angular dependence of 13C-NMR spectrum at room tem-
perature is shown in Fig. 3�a�. All spectra were obtained by
FFT of FID signals. At each direction of the field, the spec-
trum is composed of at most four sharp peaks, which is just
expected for coupled 13C pairs with a finite shift
asymmetry.40–42 Peak positions K and intensity I for coupled
nuclei are given as follows:

Ka = K̄ −
1

3
d −

1

2
��1

3
d�2

+ �K2, Ia = 1 + sin 2� ,
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3
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where K̄, �K, and d are central shift, shift asymmetry, and
the splitting due to the dipolar coupling between 13C nuclei,
respectively. The relative intensity I depends on these param-
eters through sin 2�=1− �d /3� /��d /3�2+�K2. We could ex-
perimentally determine these three parameters for each spec-
trum; the angular dependences of these parameters are
plotted in Fig. 4. The parameter d is the separation of the
Pake doublet and determined as d= �3	2
 /2r3�	1−3 cos2 �	,
with the gyromagnetic ratio, 	 of 13C nucleus, the Planck
constant 
, the distance between two 13C nuclei, r�1.4 Å,43

the angle � between the external field H0, and the 13C= 13C
vector ��=0° for H0 
a and 90° for H0 
b�. Note that the
angular dependence of dipolar splitting d agrees well with
expected one �the solid curve�.

The shift asymmetry �K in the CsZn salt is about half as
large as that in the RbZn salt.18 �K should reflect the asym-
metry of the surroundings of ET molecule. We thus think that
this comes from the difference in crystal structure. These
results imply that all ET molecular sites are electronically
equivalent at room temperature; the effective charge of ET
molecule should be considered to be one-half, ET+0.5, as far
as NMR properties are concerned.

θ

FIG. 2. Temperature dependence of the central shift K̄ and the
second moment of 13C-NMR spectrum shown in Fig. 1.

FIG. 3. Angular dependence of NMR line shape at room temperature, 101, and 5 K, respectively, where the external field is applied in
the ab plane.
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B. Angular dependence of linewidth at 100 K: Charge
disproportionation

The remarkable broadening observed below 180 K should
be due to charge disproportionation, as observed in the RbZn
salt just above the transition temperature TMI. To confirm this
speculation, we measured the angular dependence of the
spectrum in the ab plane at 101 K. Results are shown in Fig.
3�b�. We found that the excess broadening was remarkably
angular dependent: it is the largest for H0 
a ��=0° �, passing
through the minimum and then becomes larger again around
H0 
b ��=90° �. The minimum appears at angles where the
central shift crosses over �150 ppm. Since the chemical
shift for �BEDT-TTF�0.5+ is estimated as 150 ppm and al-
most independent of angle in the CsZn salt, these angles
correspond to those at which the Knight shift vanishes. Fig-
ure 5 shows the angular dependence of the excess broaden-
ing �the second moment subtracted nuclear dipolar contribu-

tion�, ��f2�excess= ��f2�obs− ��f2�dip, in comparison to the
square of the Knight shift K2; these quantities are propor-
tional to each other very well. This clearly means that the
broadening is due to the inhomogeneity of the Knight shift,
that is, the local fields at 13C sites are inhomogeneously dis-
tributed. Thus, the remarkable line broadening below 180 K
is a direct evidence of the appearance of strong charge dis-
proportionation.

The situation is quite similar to the case of the RbZn salt
above the transition. In the RbZn salt, a rather large offset of
the second moment ��10 kHz2� was observed at the mini-
mum position. This value was reasonably explained as the
contribution of �K, which remains finite at the zero Knight
shift position. In the CsZn salt, the offset of the second mo-
ment is much smaller than that in the RbZn salt, as seen in
Fig. 5. �K in this direction is �3.1 kHz. From this value, the
second moment at this angle is estimated as ��3.1 /2�2

�2.4 kHz2, which is consistent with the observed offset of
�3.8 kHz2.

From the plots in Fig. 5, we obtain ��f2�excess /K2�0.63.
If we assume a linear relation between charge distribution
and the line broadening, the standard deviation around the
mean value of +0.50 is evaluated as 0.5��0.63�0.40. This
value is too large; a homogeneous distribution within the
range between 0 and 1 gives a standard deviation of 1 /2�3
�0.29. The value of 0.4 corresponds to a discrete distribu-
tion peaking at 0.1 and 0.9.

It should be noted that the spectrum at 100 K looks quite
asymmetric. We believe that this asymmetry is intrinsic.
Generally, care must be taken, since the spin echo signals
following � /2-� pulse sequences may lead to an artifactual
line shape, when dipolar broadening is dominant. In the
present system, however, the broadening is found to be in-
homogeneous and the homogeneous dipolar contribution is
much smaller than the observed width, as shown in Sec.
III D. Our pulse sequence is appropriate in this situation. It
seems natural to try to decompose the spectrum into one or
two peaks and an asymmetric tail leaning to one side. The
tail component has the same anisotropy of the central shift as
that of the Knight shift at room temperature. The center of
mass of the whole spectrum is affected by this tail compo-
nent.

In the RbZn salt, the broadening of the spectrum above
the transition was almost symmetric, while a decomposition
into sharp peaks and a broad component appeared below
TMI.

11,12 The former peaks were attributed to those from
charge-poor sites and the latter from charge-rich sites. The
width of the broad component was too large to detect pre-
cisely and never analyzed quantitatively. One can expect that
the localized charges on the charge-rich sites produce an-
other mechanism of line broadening, such as dipolar fields
from neighboring molecular sites.

Comparing with this situation in the RbZn salt, the asym-
metry may indicate a possible decomposition into charge-
rich and charge-poor sites. Such decomposition, if any,
should not be perfect, however, since the peaks are much
broader and the tail is much shorter than those observed in
the RbZn salt below TMI.

11,12 No long-range charge order
was observed at all measured temperatures in the CsZn salt,

θ

FIG. 4. Angular dependence of three parameters characterizing

the observed 13C-NMR spectrum at 298 K central shift K̄ �open
circles�, shift asymmetry �K �closed triangles�, and nuclear dipolar
splitting d �closed diamonds�.

FIG. 5. Angular dependence of the second moment �closed
circles� of the 13C-NMR spectrum at 101 K, in comparison to the

square of the Knight shift at the center of mass K̄ �open triangles�.
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but some short-range orderings may start to develop in this
temperature range.

This consideration forces us to give up the hope of esti-
mating the degree of charge distribution from the inhomoge-
neous width at least at this temperature �100 K� for the broad
component. We will be back to this issue later in the analysis
of temperature dependence of the spectrum at magic angle
condition.

C. Angular dependence at 5 K: Nature of the insulating state
below 20 K

The angular dependence of 13C-NMR spectrum at 5 K is
shown in Fig. 3�c�. The spectrum consists of two broad peaks
and an asymmetric tail. Central shift and peak separation of
the observed spectrum are shown in Fig. 6. We plotted two
measures of central position: the center of the peaks �closed
diamonds� and the center of mass �the first moment, closed
circles� of the whole spectrum. The center of the peaks are
almost constant in this field rotation, while the center of mass
shows a small anisotropy similar to those of the Knight shift
observed at higher temperatures.

In the charge-ordered state of the RbZn salt at the same
temperature, we observed four 13C-NMR peaks �two sets of
the Pake doublet� showing a remarkable angular dependence
in the same geometry as in the present experiment.

Comparing with the angular dependence of the chemical
shift in neutral BEDT-TTF molecules, two doublets were as-
signed to the charge-rich and charge-poor molecular sites,
respectively, without any Knight shift; all spins are coupled
to form spin singlets of the spin Peierls type. Note that the
chemical shift strongly depends on the charge of the ET mol-
ecule. However, the angular dependences of the chemical
shift for both sites are cancelled out with each other, so that
the center of mass of the whole spectrum has no angular
dependence; there must be a physical reason for this behav-
ior, but we cannot figure it out at the moment.

The spectrum in the CsZn salt is in contrast to the one in
the RbZn salts. It consists of two broad peaks and an asym-

metric tail, instead of four sharp peaks. The center of the
peaks has little angular dependence, resembling neither that
for the charge-rich nor for the charge-poor sites.

One of the simple explanations of the spectrum is to at-
tribute the peaks and the tail components to the charge-poor
and the charge-rich sites, respectively, as considered for the
results at 101 K. However, this picture has a difficulty that
the angular dependence of the center of peaks cannot be
explained; the chemical shift for the charge-poor sites in the
RbZn salt has the same asymmetry as that of the Knight shift
in this field rotation, so that there is no reason for the disap-
pearance of the angular dependence.

The only possible explanation is that the molecular sites
responsible for the peak component have �i� an averaged
charge of +0.5 and �ii� vanished local spin susceptibility,
while the tail component comes from the site with a finite
spin susceptibility. This picture is quite different from the
previous one for the results at 101 K.

In order to accept this, there must be some transition or
crossover in the electronic states somewhere between 100
and 5 K. We will discuss this issue later in comparison to
other experimental results.

We note that the peaks are much broader than those ob-
served in the RbZn salt. The excess broadening must be
caused by charge disproportionation around the average
value of �0.5 through the inhomogeneity of the chemical
shift, but not of the spin susceptibility, since the latter is
almost lost for the peak components. We try to estimate the
degree of the disproportionation using the spectrum at �
�90° �the external field is parallel to the a axis�, which is
shown in Fig. 7 in comparison to that of the RbZn salt. The
full widths at half maximum of the peak components are
�51.8 and 41.0 ppm for the lower and higher frequency
peaks, respectively; the corresponding second moments as-
suming a Gaussian line shape are �484 and �303 ppm2,
while the homogeneous second moment measured at 5 K is
�8.7 ppm2. Thus, the inhomogeneous broadenings of each
peak are estimated as ��21.8 and �17.2 ppm. The differ-
ences in the chemical shift between the charge-rich �+0.8�
and the charge-poor �+0.2� sites in the RbZn salt were the
largest in this direction, 78.0 ppm and 69.4 ppm for the
lower and higher frequency peaks; the distribution of effec-

θ

FIG. 6. Angular dependence of central shift �closed circles� and
peak separation �open circles� of the observed 13C-NMR spectrum
at 5 K. Closed diamonds indicate the central position of the peak
component.

charge rich
site

charge poor
site

CsZn-salt

RbZn-salt

FIG. 7. Comparison of NMR line shapes of the CsZn salt and
the RbZn salts at 5 K. External field was applied parallel to the a
axis.
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tive charge on the corresponding ET molecule should be
�0.50�0.16 �standard deviation assuming the Gaussian dis-
tribution�. This is much smaller than the value estimated at
higher temperatures �see also Sec. III E�.

The separation of the peaks mainly comes from the
nuclear dipolar coupling between the double-bonded central
carbons, since the angular dependence of the separation is
quite similar to the one expected for this coupling, as shown
in Fig. 6. It should be noted, however, that the observed
separation is systematically larger �about 20%� than the cal-
culated one. It is a strong contrast to the case in the nonmag-
netic charge-ordered state in the RbZn salt, where there was
no deviation in the observed values from the calculated ones.
The deviation is well explained if one assumes a finite asym-
metry of the shift, �K�40 ppm. This may suggest that there
remains some asymmetry in the resonance shift even the an-
isotropic component has almost vanished.

Contrary to the center of peaks, the first moment of the
whole spectrum shows an anisotropy similar to those of the
Knight shift observed at higher temperatures, as shown in
Fig. 6. The first moment clearly contains the large contribu-
tion of the long and asymmetric tail component and may
have some quantitative ambiguity. The amplitude of the an-
gular dependence of the central shift is �50 ppm at 5 K,
which is about one-forth of the value of �210 ppm at room
temperature. Taking the center of the peaks �160 ppm as the
zero Knight shift position, the isotropic shifts of the whole
spectrum are 300−160�140 ppm and 200−160�40 ppm at
room temperature and at 5 K, respectively. The isotropic and
anisotropic components of the Knight shift are well scaled
with each other.

The estimation of the relative intensity of the tail compo-
nent is difficult, but it is about one-half of the integrated total
intensity. This fact seems to rule out the possibility that the
tail component may be attributed to the impurity sites de-
tected by susceptibility measurement. Roughly speaking, the
half of the ET molecules lose their local spin susceptibility at
low temperatures, but the other half does not.

D. Homogeneous and inhomogeneous spectra at magic angle

In order to analyze the dynamics of charge disproportion-
ation, we have measured homogeneous line shape and com-
pare it with inhomogeneous line shape, just as in the previ-
ous report on the RbZn salt.18 Inhomogeneous line shapes
were obtained by the direct FFT of echo signals following
� /2−
�−� pulse sequence, where 
� is time interval be-
tween � /2 and � pulses. Homogeneous line shapes were
obtained by the FFT of the decay curves of echo heights as
functions of 
�. We applied the magnetic field in the direction
of the ‘‘magic angle’’ for the dipolar coupling between 13C
pairs to obtain a simple echo decay.

Results are shown in Fig. 8. The inhomogeneous line
shape has two sharp peaks at room temperature. This sepa-
ration comes from the difference in the Knight shift �K
given above. With decreasing temperature, the inhomoge-
neous width is gradually broadened. Below 20 K, an asym-
metric tail appears but the width of the central line becomes
slightly narrowed. This behavior is consistent with the results

in Fig. 1. On the other hand, homogeneous line shape exhib-
its a peculiar feature: At room temperature, a single sharp
peak is observed. The linewidth �homogeneous width� be-
comes broadened as temperature decreases, showing a maxi-
mum around 150 K, and then narrowed again. This is quite
similar to that observed in the RbZn salt above TMI, so that
we apply the same analysis as before.

The large difference between the homogeneous and inho-
mogeneous linewidths indicates that the large broadening at
low temperatures is of inhomogeneous nature. We believe
that this is caused by charge disproportionation among the
molecular sites on the basis of the above analysis. However,
when inhomogeneous fields start to fluctuate in time, the
characteristic frequency of the fluctuations 1 /
c should con-
tribute to reduce the lifetime of the Zeeman levels. As inho-
mogeneous fields fluctuate more rapidly with increasing tem-
perature, T2

−1 also increases. A peak should appear at a
temperature where the characteristic frequency becomes
comparable to the inhomogeneous width itself �in a fre-
quency scale�, since at higher temperatures, the inhomoge-
neous field should be averaged in time by a well-known
motional narrowing process. The peak behavior of the homo-
geneous width is a clear evidence of dynamic properties of
the inhomogeneous fields confirmed above.

Here, 1 /T2 is defined as the full width at half intensity of
homogeneous line shape and plotted in Fig. 9 in a logarith-
mic scale against the inverse of temperature, in comparison
to the results in the RbZn salt. Open circles and closed
squares indicate the results of the CsZn salt and the RbZn
salt, respectively.

θa) b)

FIG. 8. Temperature dependence of �a� inhomogeneous and �b�
homogeneous line shapes of 13C-NMR. The external field was pre-
cisely tuned in the ab plane to give a magic angle for nuclear
dipolar coupling between 13C nuclei.
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To analyze the temperature dependence of 1 /T2, we ap-
plied the same procedure as in the previous work.18 We as-
sumed that 1 /T2 is given by the Fourier transformation of an
expanded exponential correlation function ��t�,

1

T2
= 


−�

�

��t�cos�����2�t�dt ,

��t� = ���2�exp�− �	t	/
c��� .

Here, 
c is the correlation time, 
c=
� exp�� /kBT�, with a
gap energy �, the second moment for the inhomogeneous
width ���2�, and a parameter �. Dashed lines in Fig. 9 are
the fitting curves obtained with the parameters listed in Table
I.

Typical correlation times are estimated; 
c are 2.8
�10−11, 1.4�10−7, and 3.3 s at 300, 200, and 120 K, re-
spectively, in the CsZn salt. On the other hand, it is 5.0
�10−2 s at 200 K in the RbZn salt. We recognized that
charge on BEDT-TTF molecule in the CsZn salt can move
more easily to another site than that in the RbZn salt.

The parameter ����2� is the one characterizing the am-
plitude of the fluctuating local fields, so that it should be
compared with the inhomogeneous width at low tempera-
tures. While the amplitude may be temperature dependent,
we neglected it in the above analysis, in comparison to the
rapid temperature dependence of 
c. In the temperature re-
gion where the homogeneous width shows a peak, the sec-
ond moment of the inhomogeneous spectrum is �290 ppm2,
corresponding to ����2� /2��1.5 kHz, which agrees well

to the value describing the homogeneous width. If one com-
pares the second moment with the Knight shift at the center
of mass �43 ppm at this temperature, the charge dispropor-
tionation is estimated as 0.50�0.20 �standard deviation�.

E. Decomposition of inhomogeneous line shape
at magic angle

We have tried to decompose the observed inhomogeneous
spectra into two Gaussians, as shown in Fig. 10�a�. It was
successful in the whole temperature range examined except
at 4.2 K, and the central shift and the width �square root of
the second moment� obtained from the least-squares fittings
are plotted in Fig. 10�b�. Relative intensity of each Gaussian
was always found in the range of 0.5�0.1.

The two peaks observed above 180 K are explained as
due to the shift asymmetry �K between the double-bonded
carbon sites, as mentioned above. The width is almost inde-
pendent of temperature and agrees well with the homoge-
neous width. The separation of the peaks gradually decreases

TABLE I. Fitting parameters of temperature dependence of 1 /T2

on both salts.

CsZn salt RbZn salt

� 0.4 0.4

� /kB 5100 K 7600 K
����2� /2� 1.4 kHz 3.3 kHz

1/
T 2

(s
-1

)
RbZn-salt

CsZn-salt

FIG. 9. T 2
−1 in semilogarithmic scale against the inverse of the

temperature. Open circles indicate that of the CsZn salt and dia-
monds that of the RbZn salt.

a)

b)

θ

FIG. 10. �a� Inhomogeneous line shape of 13C-NMR shown in
Fig. 8�a� was decomposed into two Gaussians with equal intensity.
�b� Central shift and linewidth for the two Gaussians are plotted
against temperature.
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with decreasing temperature. It is well scaled to static sus-
ceptibility. Remarkable broadening below 180 K is caused
by the enhancement of the homogeneous width.

The inhomogeneous spectrum is further broadened as
temperature decreases below 140 K. In the region between
140 and 50 K, the spectrum can also be decomposed into
two Gaussians with equal intensity. These corresponds to the
peak and the tail component observed in the analysis of the
angular dependence of the spectrum at 101 K �Sec. III B�. It
should be noted first that the separation of the central shift
increases with decreasing temperature, while the center of
gravity of the spectrum and thus magnetic susceptibility keep
decreasing. Now, the splitting due to �K becomes too small
to explain the observed separation. Second, the width be-
comes too large to explain with symmetric charge dispropor-
tionation around +0.5. We propose that the two components
come from charge-rich and charge-poor sites caused by some
short-range charge ordering, as mentioned previously in Sec.
III B.

In this temperature region, the system behaves still metal-
lic and there is no anomaly in static susceptibility. Therefore,
there is no reason to assume the appearance of local mag-
netic moments or completely different magnetic behavior be-
tween the charge-rich and charge-poor sites. We simply as-
sumed that the local susceptibility is proportional to the
effective charge at each molecular site and that the central
shift of the whole spectrum from the chemical shift
�135 ppm corresponds to the averaged molecular charge of
+0.5. We thus estimated the mean value and standard devia-
tion of charge distribution for each component. Results are
shown in Table II.

The charge disproportionation seems further develop with
decreasing temperature. The distribution width is again too
large to explain with charge disproportionation. This sug-
gests the existence of some unknown mechanism of line
broadening, as discussed for the charge-rich sites in the
RbZn salt below TMI.

Below 30 K, a qualitative change in spectrum appears;
the asymmetry is further enhanced with a longer tail and a
sharper peak. The half width of the spectrum starts to de-
crease, while the second moment keeps increasing as tem-
perature decreases. We are not sure that the decomposition
applied at higher temperatures is still valid in this region
because of the ambiguity due to the long tail contribution.
However, the results of tentative decomposition in Fig. 10�b�
suggest that the narrower component moves almost linearly
toward the zero Knight shift position and the width starts to
decrease at low temperatures. In addition, the central shift of
the broader component also decreases below 30 K, while it

seems to tend to a finite value. It is clear that the narrower
component is the one assigned as the peak whose anisotropy
was discussed in Sec. III C and the broader one as the tail.
We have already pointed out that the narrow peak cannot be
assigned to charge-poor sites but the effective charge is ex-
pected as +0.5 with relatively small distribution ��0.16�.
This strongly suggests that a qualitative change in the elec-
tronic state takes place around 30 K. We will discuss this
issue in the next section in comparison to the other experi-
mental results.

F. Relation to the other experimental results and theories

From the experimental results described above, it is clear
that the electronic properties in the CsZn salt can be divided
into three which correspond to three different temperature
regions: �I� the high temperature region from room tempera-
ture down to 140 K, �II� the intermediate region between 140
and 50 K, and �III� the low temperature region below 30 K.
At high temperatures in region �I�, we have observed the
development of large charge disproportionation and the
slowing down of charge fluctuations with decreasing tem-
perature. It is quite similar to that observed in the isostruc-
tural compound, the RbZn salt.18 The charge disproportion-
ation in this region is estimated as 0.50�0.20 �standard
deviation� and is motionally narrowed at high temperatures.

In the intermediate region �region �II��, the charge fluc-
tuation becomes extremely slow and almost static in the time
scale of 13C-NMR. The anisotropic spectrum suggests that a
short-range charge ordering of the charge-poor and charge-
rich sites seems to develop in this region. This is in good
agreement with the results of x-ray measurements: Watanabe
and co-workers reported that two different types of short-
range lattice modulations with q1= �2 /3,k ,1 /3� and q2

= �0,k ,1 /2� grow below 120 K.30,31 The q2 modulation cor-
responds to the one for the horizontal stripes confirmed in
the RbZn salt. The q1 modulation with threefold periodicity
was first suggested by Mori,44 who examined the stability of
charge distribution, considering the anisotropy of intermo-
lecular Coulomb energy estimated by the extend Hückel ap-
proximation. Kaneko and Ogata investigated a 1 /4-filled ex-
tended Hubbard model on an anisotropic triangular lattice
and found that a metallic charge ordering with threefold pe-
riodicity is realized when nearest neighbor Coulomb interac-
tion V is nearly isotropic.45

It should be noted that these different short-range order-
ings coexist and probably compete with each other, which
should prohibit the formation of any long-range ordering
down to low temperatures. As for the stability of different
types of charge orderings, there are many theoretical
considerations.2,3 From a study of a triangular model with
mean field approximation by Hotta, the stabilization of
charge ordering is mapped in schematic phase diagram with
transfer integral where the phase boundary is located be-
tween the RbZn and the CsZn salts.46 It was pointed out that
the competition between different charge ordering patterns
can lead to a quantum melting of charge ordering by calcu-
lations including quantum fluctuation by Merino et al.47 and
the variational Monte Carlo method.48 Various metallic states

TABLE II. Mean value �standard deviation� of charge distribu-
tion for charge-rich and charge-poor site.

T
�K� Charge rich Charge poor

110 +0.68 �0.26� +0.31 �0.15�
90 +0.73 �0.40� +0.26 �0.22�
50 +0.80 �0.63� +0.20 �0.34�
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with different charge modulations and large charge fluctua-
tions are expected theoretically.47 It is quite suggestive that
this salt in region �II� behaves metallically in spite of such
large charge disproportionation.

The temperature region �region �III�� roughly corresponds
to the one where the nonmetallic conduction appears.25,28

The present 13C-NMR spectrum suggests the coexistence of
spin-singlet molecular sites without large charge ordering
and paramagnetic sites with finite magnetic susceptibility.
This means that charge distribution should have been rear-
ranged at low temperatures.

Possibility of a phase transition at 20 K was pointed out
by EPR measurements by Nakamura et al.,29 who made a
precise analysis of the principal values of g tensor and found
that the principal axes gradually rotate with decreasing tem-
perature and at 15 K, suddenly turn back to the initial direc-
tion at high temperatures. The authors claimed the existence
of charge disproportionation at high temperatures and of the
charge redistribution below 20 K. These results are consis-
tent with the present results of 13C-NMR measurements.

Rearrangement of charge accompanying spin-singlet for-
mation has been reported in a different system: Fujiyama and
Nakamura observed a splitting of 13C-NMR spectrum due to
charge ordering in a one-dimensional organic conductor,
�TMTTF�2AsF6, which merges again at the spin-Peierls tran-
sition, implying a redistribution of charge densities.49 A pos-
sible spin-singlet ground state without charge ordering is the
4kF bond-order wave �BOW� state, which was theoretically
predicted in one-dimensional conductors by Clay et al.50 It
may be one of the possible explanations of the present re-
sults, while we do not have any direct evidence for this
model to be applicable in our system. We only claim that the
spin-singlet state in the CsZn salt is quite different from the
one observed in a charge-ordered state in the RbZn salt. It
should be noted that the system is largely inhomogeneous
since almost half of the molecular sites are paramagnetic
with finite susceptibility. Kanoda et al. carried out 13C-NMR
measurements in the present salt and claimed that the system
is in a charge-glass state.51 On the other hand, Raman and
infrared spectroscopies show no indication of large-
amplitude charge ordering.52

Recently, curious conducting behaviors at low tempera-
tures were reported in this system. Sawano et al. found a
giant nonlinear resistance and thyristor I-V characteristics.34

Takahide et al. observed a power-law behavior in the I-V
characteristics in �-�BEDT-TT�2MZn�SCN�4�M =Rb,Cs�
and claimed that it is caused by the unbinding of thermally
excited electron-hole pairs from the charge-ordered ground
state.53

IV. CONCLUSION

We have investigated the electronic states in
�-�BEDT-TTF�2CsZn�SCN�4 by analyzing 13C-NMR spec-
tra in a selectively 13C-enriched single crystal samples. We
have found that it can be divided into three which correspond
to three different temperature regions, �I� the high tempera-
ture region from room temperature down to �140 K, �II� the
intermediate region between 140 and 50 K, and �III� the low
temperature region below �30 K. In region �I�, remarkable
charge disproportionation with extremely slow fluctuations
was observed, just as in the metallic state of the RbZn salt.
Correlation time of the charge fluctuation in the CsZn salt is
shorter than that in the RbZn salt, which implies that charges
are hopping around more frequently.

In region �II�, the charge disproportionation becomes al-
most static, forming a short-range charge ordering. The ab-
sence of long-range ordering should be due to the competi-
tion between the different types of charge ordering detected
by x-ray measurements. This situation is well understood if
we consider that the CsZn salt is located on the phase bound-
ary derived theoretically. In the insulating region �region III�,
no long-range charge ordering is stabilized, contrary to the
case of the RbZn salt. Instead, about half of the molecular
sites become nonmagnetic, while the other half carry finite
magnetic moment. The charge disproportionation becomes
very much reduced at least at the nonmagnetic molecular
sites, implying that charge rearrangement should have oc-
curred. It is consistent with the results of Raman spectros-
copy. Spin-singlet states with uniform charge are reminiscent
of the 4kF BOW ground state predicted for one-dimensional
systems.

The electronic state in the CsZn salt was much more com-
plicated than that in the RbZn salt because of the competition
between different types of charge ordering. The lack of long-
range ordering is the origin of unique electromagnetic prop-
erties, such as extremely large dielectric anomalies, nonlin-
ear transport properties, the “thyristor” effect, and so on. The
present 13C-NMR measurements have clarified the nature of
the charge inhomogeneity from microscopic point of view.
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