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Structural properties of the layered organic superconductor �L-�DMEDO-TSeF�2�Au�CN�4��THF� have
been investigated, where DMEDO-TSeF is dimethyl�ethylenedithio�tetraselenafulvalene. We have found that a
structural phase transition occurs at Td=209 K, and that only the �0 0 l� Bragg reflections split into two along
the b* direction below Td. The low-temperature structure is composed of two monoclinic domains with the
space group P21/n11. The low-temperature monoclinic phase has two crystallographically independent dimers
in a conducting layer, suggesting that the present compound potentially borders on the checkerboard-type
charge ordered state, and has possibly different symmetry of superconductivity from the ordinary �-type
superconductors.
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I. INTRODUCTION

Most organic superconductors have been obtained as
clean single crystals; the donor molecules and anions
are in ordered states.1 Recently, two organic supercon-
ductors with the same composition, �L- and
�H-�DMEDO-TSeF�2�Au�CN�4��THF� as shown in Fig. 1,
have been developed.2 The space group of the high-Tc phase
�H phase: onset Tc=4.8 K� is P21/c and that of the low-Tc
phase �L phase: onset Tc=3.0 K� is Pnma. The donor ar-
rangement of these materials, however, is basically the same
�-type structure. In the �-type donor arrangement, the donor
molecules form face-to-face and head-to-tail orthogonal
dimers; that is, they are rotated by approximately 90° with
respect to each other �Fig. 1�b��. The conducting layer of the
L phase is on the crystallographic ac plane, and that of the H
phase is on the bc plane. For both compounds, the unit cell
contains two conducting sheets. The L phase has one crys-
tallographically independent conducting layer, but the H
phase has two independent layers. Although the solvent mol-
ecule tetrahydrofuran �THF� of the H phase is ordered even
at room temperature, THF of the L phase is disordered by the
mirror symmetry as shown in Figs. 1�c� and 1�d�. In the
transport properties, the H phase shows simple metallic be-
havior below room temperature. The electrical resistance of
the L phase increases with decreasing temperature below

room temperature, and decreases below about 110 K.
Among organic superconductors, the �-type materials

have a strongly correlated electronic state. In this type, the
antiferromagnetic Mott insulating state changes to a super-
conducting phase by applying pressure. This phase diagram,
called Kanoda’s diagram, is well explained by the strength of
the electronic correlation,3 and the higher Tc materials show
the larger ratios of the observed to the bare cyclotron
masses.4 In the usual � type, all dimers are equivalent, and
all conducting layers are equivalent.

There are several organic superconductors including or-
ganic solvent molecules. �L-�BEDT-TTF�2M�CF3�4TCE
�BEDT-TTF: bis�ethylenedithio�tetrathiafulvalene, M =Cu,
Ag, and Au, TCE: 1,1,2-trichloroethane� is in this category.5

Although there are two phases �the H and L phases�, the
crystal structure has been solved only for the L phase.6,7

Therefore, the relation between the structure and supercon-
ductivity has not been studied. On the other hand, the
DMEDO-TSeF superconductors are good materials to inves-
tigate the relation between the superconductivity and the
slightly different structures.

The present paper reports the structural phase transition of
�L-�DMEDO-TSeF�2�Au�CN�4��THF�; the orthorhombic
system changes to two monoclinic domains below 209 K.
The low-temperature monoclinic phase, which has the same
symmetry as that of the checkerboard-type charge order, is
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the first superconductor of this type of the � structure.

II. EXPERIMENT

High quality single crystals were prepared by electrocrys-
tallization in RIKEN.2 The x-ray oscillation photographs
were taken by an imaging plate with Si monochromated syn-
chrotron radiation ��=1.1271 Å� at BL-1B of the Photon
Factory, KEK, Tsukuba. The x-ray diffraction measurements
were made on a Rigaku AFC7R four-circle diffractometer
with graphite monochromated Mo K� radiation and a rotat-
ing anode generator ��=0.710 69 Å�. For the low-
temperature x-ray measurements, the sample was cooled
down to 110 K by a nitrogen gas-stream cooling method. A
sample was mounted on a glass capillary using a small
amount of an Apiezon grease H mixed with an Apiezon
grease N.

III. RESULTS

Figure 2 shows synchrotron radiation x-ray oscillation
photographs. The photograph at 200 K clearly displays a
Bragg spot splitting into two spots along the b* direction of
the prototype lattice. This split recovers to normal Bragg
spots at 220 K. Therefore, the splitting of the Bragg spots

indicates the existence of a reversible structural phase tran-
sition in the temperature region 200�T�220 K.

In order to determine the lattice system and the phase
transition temperature, x-ray diffraction measurements were
carried out using a four-circle diffractometer. Figure 3 shows
several peak profiles at high and low temperatures and the
relation between the scan directions and the reciprocal lat-
tice. A clear peak splitting is observed in the �0 0 2� reflec-
tion only along the b* axis of the prototype lattice. The split-
ting does not occur in either the �0 k 0� or �h 0 0� reflections
along either of the two vertical axes. For example, �0 10 0�
and �−4 0 0� reflections are shown in Fig. 3. These observa-
tions show that only the interaxial angle � deviates from 90°,
and the low-temperature structure is composed of two mono-
clinic domains; the c* axis tilts in the b*c* plane of the pro-
totype reciprocal lattice as shown in Fig. 3�d�. In the real
space, the present phase transition is interpreted by the tilt of
the b axis in the �1 0 0� plane, i.e., in the bc plane of the
prototype lattice.

The distortion angle � defined as �= ��−90° � is estimated
as �=1.21�2�° at 110 K from the splitting of the peak profile
of the �0 0 2� reflection �Fig. 3�a��. The integrated intensity
ratio of domain 1 to domain 2 directly gives a volume ratio
of the two domains as approximately 52:48, almost 1:1, in
the present experiment. The linewidths of the peak profiles
defined as full width at half maximum give us the correlation
lengths. The correlation length along the b* direction of the
prototype phase of the domain 1 is �k1=515 Å and that of
the domain 2 is �k2=538 Å at 110 K. On the other hand, the
correlation lengths estimated from the �0 10 0� reflection are
�h=418 Å and �l=156 Å, respectively.

The high-temperature orthorhombic component, that is
the central component in the �0 0 2� peak profile, disappears
at 110 K as shown in Fig. 3�a�. The 110 K peak profile,

FIG. 1. �a� DMEDO-TSeF and THF molecules. �b� Crystal
structure of the L phase projected along the molecular long axis. �c�
Projection onto the ab plane. �d� The anion and solvent molecules.
The left side shows crystallographically independent parts. The
right side shows the solvent disordered by the mirror plane.

FIG. 2. Synchrotron radiation x-ray oscillation photographs at
�a� 296, �b� 200, and �c� 220 K.
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however, shows sample dependence as shown in Fig. 4.
There are clearly three components at 110 K; both the high-
temperature orthorhombic and the low-temperature mono-
clinic phases coexist. The sample dependence of the peak
profiles of the �0 0 2� reflection at 110 K means that the
phase transition is very sensitive to the sample mounting,
i.e., physical stress or pressure. The temperature dependence
of the peak profiles of the �0 0 2� reflection shows that the
splitting width decreases with increasing temperature.

The distortion angle � depends on the temperature as
shown in Fig. 5�a�, and � is zero at the orthorhombic-
monoclinic distortion temperature, Td=209 K. The behavior
of � near Td shows ��T−Td� /Td�1/2 dependence. The tempera-
ture dependence of the integrated intensity ratio between the
monoclinic domains and all components, Smonoclinic /Stotal,
gives the volume ratio as shown in Fig. 5�b�. This quantity
rapidly decreases near Td with increasing temperature.

IV. DISCUSSION

The low-temperature x-ray oscillation photographs do not
show any superlattice structure. Among the six kinds of peak
profiles, the h and k scans of �0 0 l�, the k and l scans of
�h 0 0�, and the l and h scans of �0 k 0�, only the k scan of
�0 0 l� gives a split peak profile. This indicates that the b0

axis tilts in the b0c0 plane in the real space as shown in Fig.
6, where we express the prototype axes as a0, b0, and c0. As
a result, the symmetry elements related to the b0 and c0 axes
in the space group Pnma, those are the mirror plane, the
a-glide plane, and two 21 screw axes, disappear. Therefore,
the possible highest symmetrical space group of the low-
temperature phase is P21/n11. The domain wall orientations
are estimated by Sapriel’s theory.8 The possible domain walls
are only two, a0c0 and a0b0 planes. The peak profiles at
110 K indicate that the only one domain wall, which is par-
allel to the a0c0 plane, exists as shown in Fig. 6.

Group theory gives us a correct space group at low tem-
perature from the experimental results.9,10 The point group of
the disordered parent phase will be represented by G, of

FIG. 3. �Color online� High- and low-temperature peak profiles
obtained by different scan directions along the h, k, and l axes. The
sample is different from that in Fig. 2. �a� �0 0 2� reflection along
the b* axis, �b� �0 10 0� reflection along the a* axis, and �c� �
−4 0 0� reflection along the c* axis. �d� Schematic representation of
the relation between the hkl scan and the reciprocal lattice.

FIG. 4. Temperature dependence of the peak profiles of the �0 0
2� reflection obtained by the k scan in the heating process. The
sample differs from that in Fig. 3. The top data set is fitted with a
single Gaussian line shape. The other data sets are fitted assuming
three components.
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order p. The ordering is usually accompanied by a decrease
in symmetry in such a way that the point group of the or-
dered structure H of order q is a subgroup of G, i.e., H�G.
Group-theoretical consideration shows that the number of
variants is given by n= p /q. In the present compound, the
high-temperature space group is Pnma whose point group G
is D2h of order p=8. The number of observed variants is n
=2. Therefore, the low-temperature space group is P21/n11
whose point group H is C2h of order q=4. We have checked
the extinction rule for the n-glide symmetry by �0 k l� reflec-
tions and for the twofold screw symmetry by �h 0 0� reflec-
tions. The symmetry along the a0 axis, 21 /n, is not destroyed
by the phase transition.

The structural phase transition removes the mirror sym-
metry; this indicates that the THF molecules are ordered. The
driving force of this phase transition is the solvent molecule
ordering, so-called order-disorder transition. DMEDO-TSeF
molecule has an ethylene group, the right-side six-membered
ring in Fig. 1�a�, and the conformation of this ring is ther-
mally disordered in the general positions at room tempera-
ture like a BEDT-TTF molecule.2 This disorder is also ob-
served in the neutral DMEDO-TSeF crystal. In the neutral

crystal, the ring conformation goes to an ordered state in the
temperature range 150�T�200 K without any superstruc-
ture or symmetry lowering.11 This indicates that the ring con-
formation ordering is not a phase transition but a crossover.
Therefore, our detected structural phase transition is origi-
nated in the solvent molecule ordering. NaV2O5 also shows
an orthorhombic-monoclinic distortion phase transition be-
low Td=34 K.12,13 This phase transition is a charge ordering
that involves a valence change of V ions, and is an insulator-
insulator phase transition. The driving force of the phase
transition of NaV2O5 is different from that of
�L-�DMEDO-TSeF�2�Au�CN�4��THF�.

In the high-temperature orthorhombic phase of the L
phase, there is one crystallographically independent donor
molecule, the A molecule as shown in Fig. 7�a�. The low-
temperature phase has two crystallographically independent
donor molecules, A and B in Fig. 7�b�, in the same donor
layer. This structure is, however, different from
�-�BEDT-TTF�2Cu�NCS�2, which belongs to another low-
symmetry space group �P21�,14 and the dimer is composed of
two independent molecules, A and B �Fig. 7�c��. The con-
ducting layer of the Cu�NCS�2 salt has 21 screw axes, but
does not have any inversion center. On the contrary, the
present compound has two independent dimers, the A-A and
B-B pairs, in a conducting layer �Fig. 7�b��. The present type
has inversion centers but does not have 21 screw axes in the
conducting layer. This type of � structure has been observed
in very limited materials, �-�BEDT-TTF�4PtCl6 ·C6H5CN
and �-�BEDT-TTF�4�M�CN�6��N�C2H5�4� ·nH2O �M =Co,
Fe; n=2,3�.15–17 If the A and B molecules have different
charge, this type of � arrangement potentially shows
checkerboard-type charge order, and these �-type BEDT-
TTF salts actually show charge ordering.15,17,18 These BEDT-
TTF compounds are insulators at low temperatures, but the
present L phase is the first compound showing superconduc-
tivity. Although the usual �-type superconductors in Kano-

FIG. 5. �a� Temperature dependence of the distortion angle �
defined by ��−90° �. The inset shows ����Td−T� /Td�, and the solid
line demonstrates ����Td−T� /Td behavior. �b� The integrated in-
tensity ratio between the monoclinic phase and all components.

FIG. 6. Schematic representation of the twinning structure. The
domain wall, that is, twin plane, is parallel to the �0 1 0� plane, i.e.,
the ac plane of the prototype lattice.
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da’s phase diagram border on an antiferromagnetic Mott in-
sulating state,3 the present L-phase superconductor is
potentially located next to the checkerboard-type charge or-
dered state. This suggests that the origin and symmetry of the
superconductivity of the present compound differ from those
of the usual �-type superconductors. Interestingly, the H
phase of the present compound with the same composition is
possibly located in the usual Kanoda diagram. If the insulat-
ing phase bordering upon the superconducting phase is re-
lated to the symmetry of the superconductivity, there is a
possibility that the superconducting symmetry of the H phase
differs from that of the L phase instead of the same compo-
sition.

The Fermi surface �FS� of the �-type organic supercon-
ductors is composed of the overlapping cylinders and there
are fundamental � and � orbits as shown in Fig. 8�a�. For
�-�BEDT-TTF�2Cu�NCS�2, the � orbit has small gaps at the
zone boundary because of the crystallographic symmetry,
and this orbit becomes a magnetic breakdown orbit.22 The
degeneracy of the energy bands on the zone boundary occurs
when the crystal has glide planes or screw axes having trans-
lation perpendicular to the boundary.23 This is fundamentally
equivalent to the extinction rule of the Bragg reflections. The
energy band of the high-temperature orthorhombic phase of
the L phase is degenerated on the A zone boundary �Fig.
8�a��. Although the low-temperature monoclinic phase of the
L phase has the n-glide symmetry giving the degenerated W
zone boundary, this symmetry operation creates molecules in

another donor layer in the unit cell. The conducting sheet
composed of two independent dimers having eight kinds of
transfer integrals �Fig. 7�b��. Therefore, the energy gap opens
at the W line as shown in Fig. 8�b� for the low-temperature
monoclinic phase. In contrast, the FS of the H phase is simi-
lar to that of the high-temperature L phase. However, there
are two independent FS’s because of two independent con-
ducting layers. These differences will be observed in the
quantum oscillation phenomena such as the de Haas–van Al-
phen and Shubnikov–de Haas oscillations.

We should mention the relation between the structural
correlation lengths and the Ginzburg-Landau �GL� coherence
lengths in the superconducting phase. The correlation length
of the monodomain along the b* axis of the prototype phase,
interlayer direction, ��	��k1�k2	530 Å is much longer
than the GL coherence length estimated from the resistive
upper critical fields, ��=17.8 Å at 30 mK,24 which is shorter
than the interlayer spacing �d	b /2	19.3 Å at room tem-
perature�. The short interlayer GL coherence length ���

�d� indicates that the domain walls parallel to the �0 1 0�
plane will not affect the superconducting state. On the other
hand, the intralayer correlation length, �
 	��h�l	260 Å, is
comparable with the intralayer coherence length,
�
 =344 Å.24 Since there is no domain wall parallel to the �0
0 1� plane, the domain structure of the present compound
will not affect the superconducting properties. It should be
mentioned that in the high-Tc superconductor La2−xBaxCuO4
the fraction of the low-temperature tetragonal phase corre-
lates with Tc.

25 Recently, we have found that the resistive
superconducting transition temperature of
�L-�DMEDO-TSeF�2�Au�CN�4��THF� depends on the
sample. This might be related to the sample dependence of
the fraction of the monoclinic domains, Smonoclinic /Stotal, as
shown in Fig. 5�b�. Although this parameter is 1.0 at 110 K
for the samples in Figs. 2 and 3, that of the sample in Fig. 5
is about 0.8.

In the organic superconductor �TMTSF�2ClO4, where
TMTSF is tetramethyltetraselenafulvalene, the Cl atoms are
located on an inversion center and the oxygen atoms ran-
domly occupy eight nearly equivalent positions at room
temperature.26 Although �TMTSF�2ClO4 shows an anion or-
dering phase transition, which is a kind of order-disorder
transitions, at TAO=24 K,27 this transition does not make do-
main structures. Moreover, in organic superconductors with
three components, donor, anion, and solvent molecules,

FIG. 7. Schematic drawing of the donor arrangement of �-�DMEDO-TSeF�2�Au�CN�4��THF� both at �a� T	Td and at �b� T�Td, and
�c� that of �-�BEDT-TTF�2Cu�NCS�2. A shaded circle means a dimer.

FIG. 8. Schematic drawing of the Fermi surfaces both at �a� T
	Td and at �b� T�Td. The FS in �a� is calculated based on the
room temperature atomic coordinates �Refs. 19 and 20�. The BSW
symbol of the Brillouin zone changes from �a� orthorhombic system
to �b� monoclinic one �Ref. 21�.
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�L-�BEDT-TTF�2M�CF3�4TCE has also disordered anion
and solvent molecules at room temperature. In this com-
pound, no structural phase transition has been observed
above 115 K.7 To the best of our knowledge,
�L-�DMEDO-TSeF�2�Au�CN�4��THF� is an ambient pres-
sure organic superconductor with domain structures.

V. CONCLUSION

�L-�DMEDO-TSeF�2�Au�CN�4��THF� shows the
orthorhombic-monoclinic distortion transition below Td
=209 K, and the low-temperature structure is composed of
two monoclinic domains with the space group P21/n11. The
low-temperature monoclinic phase has different symmetry

from the usual �-type. The present compound is an organic
superconductor with the domain structure and such a �-type
arrangement. The interlayer correlation length is longer than
the interlayer GL coherence length; the domain walls will not
affect the superconductivity.
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