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The quasi-two-dimensional organic conductor �-�BEDT-TTF�2RbHg�SCN�4 has been investigated by
13C-NMR using a field parallel to the ac plane of 9.4 T. We observed no enhancement of �T1T�−1 at 12 K or
isotropic reduction of spin susceptibility below 12 K, indicating that spin-density wave formation did not occur
at 12 K. Above 100 K, a decrease of spin susceptibility was observed at the C site and a complementary
increase was observed at the A and A� sites, suggesting charge disproportionation due to off-site Coulomb
interactions. Below 12 K, the spectrum showed broadening and splitting of peaks. These findings indicate that
inversion symmetry breaking in charge-density wave instability occurs at low temperatures.
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I. INTRODUCTION

The �-�BEDT-TTF�2MHg�SCN�4 �M =Rb,K,NH4� com-
pounds have a structure consisting of alternating conducting
sheets of BEDT-TTF �bis-ethylenedithio-tetrathiafulvalene�
and insulating sheets of anion along the b axis, resulting in a
pair of one-dimensional open Fermi surfaces and a two-
dimensional closed Fermi surface.1 While these salts have
the same structure, their electrical properties differ depend-
ing on the anion. The M =K and M =Rb salts remain metallic
at all temperatures, whereas the M =NH4 salt shows super-
conductivity below 1.1 K.2 The title compound, the M =Rb
salt, and the M =NH4 salt, have been reported to show den-
sity waves in the ground state at temperatures below 12 and
8 K, respectively. Moreover, several anomalies have been
observed below TDW, including the anisotropy of
susceptibility,3 steplike electrical resistance,4 and an increase
in the Hall coefficient.5 Hence, a correlation between these
anomalies and superconductivity was expected. These
anomalous properties may be due to the nesting instability of
one-dimensional open Fermi surfaces. The likelihood of a
spin-density wave �SDW� state is suggested by studies of the
anisotropy of magnetic susceptibility,3 muon spin rotation
��SR�,6 torque measurements,7 and millimeter-wave
magnetoabsorption.8 In contrast, the likelihood of a charge-
density wave �CDW� state is suggested by NMR �nuclear
magnetic resonance�,9 high-field measurements,10–13 and x
rays.14 In a typical CDW, the coherence length of the modu-
lation is enhanced at the transition temperature. In this ma-
terial, however, the only enhancement of intensity of reflec-
tion occurs below 12 K, whereas, at 50 K, the coherence
length increases to at most twice its value at room tempera-
ture, but it is not enhanced around 12 K.14 Moreover, in the
low-temperature phase, the occurrence of the quantum Hall
effect was suggested by magnetization measurements.15 In
the salt �-�BEDT-TTF�2I3, which has the same sheet struc-
ture as �-�BEDT-TTF�2MHg�SCN�4, the charge ordering
�CO� state due to off-site Coulomb interaction was proposed
theoretically16 and confirmed by Raman scattering17 and
x-ray studies,18 and breaking inversion symmetry was
indicated by second harmonic generation �SHG�
measurements.19 In �-�BEDT-TTF�2MHg�SCN�4, the possi-

bility of charge disproportionation �CD� in the high-
temperature phase is indicated by infrared spectra.20,21 How-
ever, the relationship between CD and CDW is not so clear.
It is therefore of interest to determine the contribution of
the off-site Coulomb interaction to the �-�BEDT-TTF�2
MHg�SCN�4 system and assess the relationship between
CDW and CO.

II. EXPERIMENT

We therefore utilized 13C-NMR to investigate the ground
state of the M =Rb salt in the low-temperature phase.
13C-NMR spectra were determined using a single crystal,
which was enriched with 13C isotopes on only one side of the
central double-bonded carbon sites of BEDT-TTF to prevent
spectrum splitting from the Pake doublet. A magnetic field of
about 9.4 T �corresponding to a resonance frequency of
100.7 MHz� was applied parallel to the conducting layer. The
spectra and spin-lattice relaxation rate T1 were measured us-
ing a spin-echo method and a saturation recovery method.
The NMR shift was evaluated relative to tetramethylsilane
�TMS�. To clarify the characteristic features of the density
wave, measurements were performed under slow cooling
conditions �1 K/min� because physical properties signifi-
cantly depend on cooling rate.14

III. RESULT AND DISCUSSION

Previous 13C-NMR spectra of this salt were determined
only below 100 K.9 As these spectra were determined using a
molecule enriched on both sides of the central C=C bond
under a field perpendicular to the ac plane, the assignment
of peaks was unclear. As shown in Fig. 1,
�-�BEDT-TTF�2RbHg�SCN�4 has four BEDT-TTF mol-
ecules �A, A�, B, C� in a unit cell. The A and A� molecules
are in a relationship of inversion symmetry, while the B and
C molecules are present at the inversion center. Therefore,
three of these molecules, A, B, and C, are crystallographic
and magnetically independent. Since the A molecule is not
present on the inversion center, the two carbon sites on the
central double bond are nonequivalent, and the two peaks,
A-a and A-b, are expected from molecule A. In contrast,

PHYSICAL REVIEW B 78, 165119 �2008�

1098-0121/2008/78�16�/165119�5� ©2008 The American Physical Society165119-1

http://dx.doi.org/10.1103/PhysRevB.78.165119


molecules B and C are on an inversion center, so the two
central C=C atoms are equivalent. As a result, there are four
independent 13C sites, A-a, A-b, B, and C, in this crystal and
four peaks should be observed in NMR spectra.

As shown in Fig. 2, NMR measurements performed under
the same conditions as previously used confirmed the de-
crease in spin susceptibility. However, only two peaks were
observed, as shown in Fig. 2�a�. Peak assignment in Fig. 2
was decided by rotating the field from the parallel direction
to the direction vertical to the ac plane and comparing these
results with the results of the in-plane experiment described
below.

In another configuration, however, four peaks were ob-
served at room temperature �Fig. 3�b��. In order to assign
peaks, we measured the angular dependence of the NMR
shift in the ac plane using the M =NH4 salt, which gave the
same spectrum at room temperature as the M =Rb salt. The
M =NH4 salt was used because its crystal size is larger than
that of the Rb salt, thus reducing the measuring time. Under
conditions in which the field was parallel to the ac plane, due
to the large contribution of 2pz to the Knight shift, we can
easily assign peaks. As the A-a and A-b sites are in the same
molecule A and the pz direction of the two sites are parallel
to each other, the angular dependence of A-a and A-b were
found to vary with the same phase. Therefore, the open

circles in Fig. 3�a� can be assigned to the A-a sites and the
solid circles to the A-b sites. The two remaining sites, B and
C, could be assigned by calculating the phase between the
direction of the pz orbital of each molecule and the magnetic
field. When the field was parallel to the pz orbital, the NMR
shift was maximized, whereas when the external magnetic
field was perpendicular to the direction of the pz orbital, the
NMR shift was minimized. The projection of the angle be-
tween the pz orbitals of molecules A and B to the ac plane
and A and C to the ac plane were 77.00° and 70.55°, respec-
tively. Therefore, the phase difference of the NMR shift in
the B site should be about 7 greater than the shift in the C
site. Thus, we could assign the solid squares and open pen-
tacles in Fig. 3�a� to sites B and C, respectively.

Figure 4 shows the temperature dependence of the NMR

shift in a magnetic field parallel to the �1̄01� direction which
corresponds to the angle of �=0° in Fig. 3�a�. In this direc-
tion, the four peaks were well separated and we could clearly
assess the properties of each peak. Below 100 K, our find-
ings were consistent with those reported previously.9 Mo-
lecular properties were almost temperature independent from
100 to 12 K, and the NMR shift at all sites decreased below
12 K. The NMR shift ��� is described by the sum of the
Knight shift �K� due to spin susceptibility and the chemical
shift ��� due to the charge on the orbit and can be expressed
using the equation �=K+�. If the chemical shift is about
100 ppm,22 the spin susceptibility below 12 K was reduced
40%. Together with the result from Fig. 2, these findings
suggest that the Knight shift and spin susceptibility were
almost isotropic. In contrast, static susceptibility, as mea-
sured by the superconducting quantum interference device
�SQUID� magnetometer, showed strong anisotropy.3 There-
fore we must consider the difference between the Knight
shift and the static susceptibility. Static susceptibility �static
can be expressed as the sum of spin susceptibility �spin and
the orbital part �orb, i.e., �static=�spin+�orb. Because there was
no anisotropy in spin susceptibility, the anisotropy of static
susceptibility is thought to be due to the anisotropy of the

FIG. 1. Crystal structure of �-�BEDT-TTF�2RbHg�SCN�4.

FIG. 2. �a� 13C-NMR spectra at 100 K. �b� Temperature dependence of the NMR shift in the field perpendicular to the ac plane �the shift
from tetramethylsilane �TMS� is shown�.
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orbital part. The isotropic reduction of the Knight shift sug-
gests the formation of a partial spin singlet structure below
12 K and indicates that the Fermi surface may be a recon-
structed surface due to CDW. However, at 12 K, an increase
of three-dimensional coherency was not observed.14 The
temperature dependence of �T1T�−1 is shown in Fig. 5. Tem-
perature independent properties were observed from 100 to
12 K, but were reduced below 12 K. This reduction is com-
parable to the results of the NMR shift. The absence of en-
hancement at 12 K was also confirmed in the magnetic field
perpendicular to the ac plane. These results indicate that
second-order phase transition due to SDW formation does
not occur.

There was another important, as yet unreported, NMR
anomaly above 100 K. The shift at the C site obviously dif-

fered from that at the other sites. As shown in Fig. 4, the shift
at the C site showed a temperature dependent decrease from
room temperature to 100 K. This decreased NMR shift at the
C site indicates a decrease in local spin susceptibility at the
same site. Assuming that � is about 100 ppm, we evaluated
K using the equation K=�−�. The decreased NMR shift at
the C site suggested that the local spin susceptibility at this
site was reduced to 1/3 of its original value at room tempera-
ture. The T variation of the NMR shift at the C site from
room temperature down to 100 K is about −200 ppm, that of
the B site is about +30 ppm, and that of A-a is about
−30 ppm. Because the ratio of the hyperfine coupling con-
stants of the B and C sites and that of the A-a site is −3:1,
the reduction at the A-a site corresponds to a shift of −3	
−30= +90 ppm in the C site. Since the A and A� molecules
are equivalent, this shift corresponds to an increase of +90

FIG. 3. �a� Angular dependence of the NMR shift of �-�BEDT-TTF�2NH4Hg�SCN�4 in the ac plane. �b� The spectrum with a field

applied to �1̄01� of 9.4 T which corresponds to the angle of �=0°.

FIG. 4. Temperature dependence of the NMR shift of

�-�BEDT-TTF�2RbHg�SCN�4 in a field parallel to the �1̄01�
direction.

FIG. 5. Temperature dependence of 13C nuclear spin-lattice
rates.
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	2= +180 ppm. Therefore, the spin susceptibility of the C
site moves mainly into the A and A� molecules. This dispro-
portionation seems to be consistent with the reflection spec-
trum in the vicinity of 100 K reported by Dressel et al. It is

important that CD develops without breaking P1̄ symmetry.
That is, CD does not occur between A and A� molecules
while retaining crystal symmetry. The previous NMR study
below 100 K assumed that the B and C sites are equivalent;9

however, below 100 K, the spin susceptibility at the B and C
sites actually differs by threefold. The reduction of the local
spin susceptibility of the C site was also confirmed by
�T1T�−1. Considering the Korringa relationship between the
relaxation rate T1 and �spin, �T1T�−1
�spin

2 , we could also
evaluate the reduction of spin susceptibility from �T1T�−1. As
shown in Fig. 5, the �T1T�−1 of the C site decreased from
room temperature to 100 K, in agreement with the NMR
shift. When we compared the value at 100 K with that at
room temperature, we found that the spin susceptibility at
100 K was about 1/3 that at room temperature. This corre-
sponds to a decrease in the NMR shift. We also observed
similar properties using the M =NH4 salt. Therefore, our
finding suggests that this is a common property of the
�-�BEDT-TTF�2MHg�SCN�4 family. The local field at each
site is due to spin magnetization on the Fermi level via the
hyperfine coupling constant. This constant depends on struc-
ture, which does not change significantly in this salt. There-
fore in the framework of the band picture, all sites should
show the same temperature dependence, and we must con-
sider the mechanism underlying these properties. The same
anomaly was also reported in the metallic phase of the
�-�BEDT-TTF�2I3 salt,23 which showed a CO transition with
inversion symmetry breakage, indicating a connection be-
tween the transition and the anomaly in the metallic phase. In
the quarter filled system, the off-site Coulomb interaction
enhanced the charge disproportionation between the sites,16

and spin susceptibility at each site showed different
temperature-dependent properties. Therefore the anomaly
at each site can be explained by the contribution of
charge disproportionation. The metallic phase of
�-�BEDT-TTF�2MHg�SCN�4 was thought to be that of the
simple metal. However, the anomaly at the C site suggests
that charge disproportionation contributes to
�-�BEDT-TTF�2MHg�SCN�4 as well as to
�-�BEDT-TTF�2I3.

Our main purpose was to determine what occurred in the
12 K anomaly. The contribution of charge disproportionation
suggests a relationship between DW transition and inversion
symmetry. The spectra with a different field direction in the
ac plane from 16 to 6 K are shown in Fig. 6. Four peaks, of
A-a, A-b, B, and C, were observed at 14 K, whereas each of
A-b, B, and C peaks split into two peaks below 10 K. The
splitting of peak A-b indicates that the A and A� molecules
became crystallographically nonequivalent, i.e., the inversion
symmetry between A and A� is broken below 10 K. The
splitting of peaks B and C indicates that the inversion sym-
metry on B and C molecules is broken. In addition, peaks B
and C broadened after the transition due to the increase of
modulation amplitude. In incommensurate CDW, the line-
width of each site is proportional to the hyperfine coupling

constant. Since the hyperfine coupling constants at sites B
and C are larger than at site A, peaks B and C are broader
than peak A. This broadening of the NMR spectra is consis-
tent with the incommensurate structural modulation due to
CDW instability.

The inversion symmetry breaking in the unit cell was ex-
pected to be due to off-site Coulomb interactions and coex-
istent with the CDW instability. From metallic behavior in
the low-temperature phase, the CO state with large charge
separation such as �-�BEDT-TTF�2I3 is unlikely and small
CD within the band picture is suitable. X-ray results sug-
gested that the unconventional features of the transition are
not related to a magnetic component in the density wave
modulation because the modulation is already present in the
high-temperature metallic phase. Moreover, although the in-
crease of the modulation amplitude was observed, there was
no increase of coherency.14 These may be related to a break-
age of symmetry. Without long-range superstructure, the in-
version symmetry breaking did not change the translational
symmetry and the crystal system. Therefore it modified the
transfer integrals between molecules and changed the Fermi
surface slightly. As a result, the nesting instability might be
enhanced. Electronic states and superconductivity without
inversion symmetry have become topics of great interest.
Pure triplet superconductivity rarely occurs and the asym-
metric Hamiltonian makes a large LS coupling.24,25 This dis-
appearance of symmetry may be connected to the anomalous
properties of the M =K and Rb salts in the low-temperature
phase and to the superconductivity of the M =NH4 salt. As-
sessment of the latter under conditions of superconductivity
is now in progress. Further progress in determining the elec-
tronic properties of organic conductors in an acentrosymmet-
ric system is desired.

FIG. 6. 13C NMR spectra with a field applied to the angle of
�=30° at the temperature from 14 to 6 K.
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IV. SUMMARY

We performed NMR measurements of
�-�BEDT-TTF�2RbHg�SCN�4 using a magnetic field parallel
to the ac plane. Our findings, together with results of the
measurements under two field directions, indicate an isotro-
pic reduction of spin susceptibility below 12 K. In contrast,
above 100 K, a decrease in spin susceptibility was observed
at the C site and increases were observed at the A, A�, and B
sites. This redistribution may be due to the contribution of
charge disproportionation. However, this behavior does not
break the symmetry of the crystal. Moreover, because similar

properties were observed using the M =NH4 salt, this may be
a common property of the �-�BEDT-TTF�2MHg�SCN�4
family. Below 12 K, it was suggested that the inversion sym-
metry in the unit cell was broken from the splitting of peaks
and there was broadening of the spectrum due to the devel-
opment of modulation. Considering that incommensurate
structural modulation was observed above 12 K, the anomaly
at 12 K is likely to be a phase transition with breakage of
symmetry, which enhanced the modulation.

This result suggested that the TDW anomaly was not the
crossover behavior but the phase transition with the inver-
sion symmetry breaking.
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