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Molecular structure of a crystal phase coexisting with tr-(BEDT-TTF)zCu(NCS)z studied

by scanning tunneling microscopy
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By using scanning tunneling microscopy (STM), a molecular structure was found to coexist in a
(BEDT-'ITF}2Cu(NCS}2 crystal grown at room temperature, in addition to the well-known a. phase with

metal-superconductor phase transition at -10K. The obtained two-dimensional structure of the phase

was close to that of the a-(BEDT-'i LF)2Cu(NCS)2 crystal previously reported as a charge-transfer salt

with metal-insulator transition at -200 K. The temperature dependence of I-V(tunneling current —bias

voltage) curves measured by STM showed both phase transition properties. A superstructure with a
2X2 unit cell formed by modulated charge density on the BEDT-TTF molecules was also observed for
the phase, which was formed by uniting two BEDT-TTF molecules.

Since the discovery of tt-(BEDT-TTF)2Cu(NCS)2
[BEDT-TTF is bis(ethylenedithio)-tetrathiafulvalene],
many studies have been conducted due to its transition at
high temperature and ambient pressure to the supercon-
ducting phase (-10 K). However, there still remain
several basic problems, e.g., sample dependence on the
conductivity above —100 K. Recently, from the results
of electron-spin resonance and x-ray diffraction measure-
ments, at least three different phases other than the z
phase have been proposed to exist in the (BEDT-
TTF)2Cu(NCS)2 compound however, the existence and
structures of these phases have neither been confirmed
nor established. Among the phases, the a phase, which is
considered to exhibit a metal-insulator transition at
-200 K, has a peculiar characteristic: when the growth
temperature of the crystal was maintained at 293 K, sin-
gle crystals of the superconducting tr phase of (BEDT-
TTF}2Cu(NCS)2 were obtained as usual, whereas when
the growth temperature was kept at 283 K, the single
crystal of the a phase was obtained. Since a slight
difference in growth conditions led to completely
different structures, i.e., superconductor or insulator,
much effort has been made to study this phase in detail,
but to date it has been unsuccessful. In order to conduct
detailed studies, we must characterize the microscopic
structure of the (BEDT-TTF}2Cu(NCS}2 compound on an
atomic scale.

In this paper, we present the results obtained by scan-
ning tunneling microscopy (STM) on the (BEDT-
TTF)2Cu(NCS)z crystal. It is also intriguing to study this
material on an atomic scale because the charge-density
wave (CDW) occurring in two-dimensional organic con-
ductors has not yet been observed in real space.

A single crystal was prepared by the electrochemical
oxidation of BEDT-TTF in a 1,1,2-trichlorethane solu-
tion under the constant current of 1.5 pA at room tem-
perature using potassium thiocyanate, copper (I}

thiocyanate, and 18-crown-6 ether as the supporting elec-
trolytes and platinum rods as the electrodes. Tempera-
ture variation of about 10 K, which is considered to afFect
the growth condition of the a phase, was not controlled.
The obtained crystals had a distorted hexagonal shape
similar to tt-(BEDT-TTF)2Cu(NCS)z crystals grown un-
der such procedures. The crystal was Sxed onto a copper
plate with conductive silver epoxy and STM observations

(b)

FIG. 1. (a) STM image of a (BEDT-I IF),Cu(NCS), crystal
(V, = —22 mV, I,=2.8 nA, 6.5X6.5 nm2). (b) Molecular ar-
rangement of the (BEDT-TIP)2Cu(NCS)& crystal projected on
the crystal b -c plane (0, Cu; o, S; 0, C; o, N) (Ref. 4).
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were performed over the crystal surface. No particular
surface preparation for STM observation was carried out
except for rinsing in deionized water.

Figure 1(a) shows a current image obtained over the
surface corresponding to the b-c plane of the ~ phase.
The tip voltage was —22 mV. The observed periodic
four-type protrusions and the observed size of the unit
cell is 0.80X1.31 nm, which agrees well with that of K-

(BEDT-TTF)zCu(NCS)z, 0.8440X1.3124 nm, as deter-
mined by x-ray diffraction. A schematic structure of the
b cpl-ane of the ~ phase is shown in Fig. 1(b)." Since the
lobes of the highest occupied molecular orbital around
the S atoms in the hexagonal ring are large according to
the ab initio calculation, the positions of the lobes of the S
atoms in the uppermost rings are marked in Fig. 1(b) by
ellipses, which should be compared with the STM image
obtained. ' The size of the lobes increases with the de-
gree of distortion of the upper hexagonal ring of the mol-
ecule, which is indicated by two kinds of ellipses having
two difFerent sizes in Fig. 1(b}. The molecular arrange-
ment in the observed image is in good agreement with the
structure shown in Fig. 1(b) and is quite similar to the
STM image previously obtained for s-(BEDT-
TTF)zCu(NCS)z. The same structure was observed with
the opposite bias voltage.

As expected, the structure of the ~ phase was mainly
observed all over the surface; however, another structure,
as shown in Fig. 2 (V, = —22 mV, I, =2.8 nA), was
found to be partially included in the crystal. The struc-
ture of the observed image in Fig. 2 appears to be similar
to the structure of the a phase, but is completely different
in detail. For example, the molecular arrangement along
A-B in Fig. 2 is more or less aligned on a straight line
compared to the zigzag structure along A -8 in Fig 1(a). .
The observed size of the unit cell, enclosed by lines in

Fig. 2, 0.96X 1.07 nm, agrees well with the value for the
a-(BEDT-TTF)zCu(NCS)z crystal, 0.9052(2) X 1.0854(5)
nm, as determined by x-ray diffraction.

The crystal structure of a-phase salt belongs to a tri-
clinic system, and the preliminary lattice parameters
determined by x-ray difFraction are a =0.9052(2) nm,
b =1.0854(5) nm, c =1.7471(3) nm, a=100.95(3),
P=97.34(2), y=90.37(3), and V=1.672(2) nm. The
BEDT-TTF molecules are dimerized in the crystal and

the hexagonal rings at both ends of the BEDT-TTF mole-
cule are distorted, as shown in Fig. 3(a). Since the STM
image of the BEDT-TTF molecule rejects the structure
of ~ orbitals on the S atoms in the molecules, rings con-
taining S atoms, the orbitals of which are considered to
be less disturbed by the distortion of the rings, are
marked by hatched areas in the figure. The schematic
structure of the a b -plane of the a-(BEDT-
TTF)zCu(NCS)~ crystal is drawn in Fig. 3(b), where the
upper two rings of the BEDT-TTF molecules, which are
closer to the crystal surface, are drawn together with the
anions, similarly to that shown Fig. 1(b). Two kinds of
ellipses with two different sizes indicate the positions of S
atoms in the two kinds of distorted rings shown in Fig.
3(a}. The structure of the molecular chains along A -8 in

Fig. 2 seems to be aligned along a straight line compared
to that of the a phase along the (b-a) axis, as shown in
Fig. 3(b). However, the straight molecular arrangement
along the a axis is in good agreement with that in Fig. 2.
In order to discuss the details further, fine crystal param-
eters of the a phase are necessary.

Original unit cells of the ~ and a phases look complete-
ly different from each other. However, e.g., when the a
phase is grown by making the direction (b-a) in Fig. 3(b)
parallel to the c axis of the ~ phase in Fig. 1(b), periodici-
ty in the direction of the a phase is 1.413 nm and is closer
to the value of the lattice constant along the c axis of the
x phase, 1.3124 nm. This may be the reason for the
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FIG. 2. STM image of a (BEDT-TTF)&Cu(NCS)& crystal sur-

face ( V, = —22 mV, I, =2.8 nA, 6.5 X6.5nm ).

a~b
FIG. 3. (a) Crystal structure of a-(BEDT-TTF)&Cu(NCS)&.

(b) Molecular arrangement of the a-(BEDT-TTF)zCu(NCS)&
crystal projected on the crystal a -b plane (0, Cu; o, S; 0, C; 0,
N).
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FIG. 4. STM image of a domain structure in a (BEDT-
TTF)&Cu(NCS)& crystal surface. Domain boundary is indicated

by arrows.

growth of the a phase under conditions similar to those
required for growth of the ~ phase. Actually, the ~ phase
[Fig. 1(a)] and the alternative phase (Fig. 2) were ob-
served to satisfy this directional relationship.

Figure 4 shows a STM image of a domain structure
( V, = —22 mV, I, =2.8 nA). The domain boundary is in-
dicated by arrows. In consideration of the zigzag
features along a-b and c-d in Fig. 4, the upper and lower
domains are thought to correspond to the ~ and the alter-

50.0

native phase, respectively. The periodicities along a b-

and c-d are 1.32 and 1.38 nm, respectively, which agree
well with the values of the ~ and the a phase structures in
these directions (1.3124 and 1.413 nm, respectively). Dis-
tortion around the boundary is possibly caused by the
7% incommensurate structure between both phases along
the a -b and c-d directions. Since the image was taken in
the constant-height mode, step height at the boundary
could not be determined here.

In order to examine the electronic property of the crys-
tal, the temperature dependence of the I-V (tunneling
current —bias voltage) curve was measured. Figure 5
shows a series of I Vcur-ves measured at curves tt, 277; b,
175; c, 27.7; d, 7.8; and e, f, 78 K. Since it was difficult to
maintain a constant distance between the tip and the
sample upon changing temperature, measurements were
performed under the conditions of ( V„I, ) for curves a,
(0.05 V, 0.5 nA); b, (0.32 V, 0.5 nA); c, (1.0 V, 0.5 nA); d,
(0.20 V, 5.0 nA); and e, (0.199 V, 0.5 nA) for each mea-
surement. Therefore, even if absolute values cannot be
compared, relative features can be discussed well.

As shown in Fig. 5, conductivity decreased with tem-
perature and the semiconductor character appeared at
175 K, supporting the existence of a molecular structure
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FIG. 5. Series of I-V curves measured at curves a, 277; b,
175; c, 27.7; d, 7.8; and e, 78 K. I Vcurve f, measured at -78 K
under soft contact of the tip with the sample surface.

FIG. 6. (a) STM image of a (BEDT-TTF)zCu(NCS)z crystal
with periodic modulation in charge density ( V, =23 mV,
I, =2.7 nA, 9X9 nm ). (b) Molecular arrangement of a-
(BEDT-TTF)&Cu(NCS)&. A 2 X2 unit cell with modulated
charge density on the BEDT-TTF molecules is indicated by
hatched and open ellipses.
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that exhibits a metal-insulator transition such as the a
phase (T, =200 K). Actually, the electronic character
became almost insulative around 30 K. However, as ex-
pected, when the sample temperature was decreased to
—15 K, an abrupt increase in conductivity began to be
observed, which was attributed to the transition into the
superconducting phase occurring in the ~-(BEDT-
TTF)2Cu(NCS)z. When the STM tip was softly contacted
onto the sample surface at 78 K where CDW was
thought to be formed, the metallic character was
recovered again, as shown in Fig. 5 (curves e and P. This
recovery of the metallic character may be related to the
disturbance of the CDW phase due to a distortion of the
crystal surface caused by the contact. The I-V
characteristics should be measured for both phases by
directly observing changes in the structural images.
However, when the temperature was decreased, imaging
became very unstable, similarly to a previous report on
the STM measurement of the TTF-TCNQ
(tetr athiafulvalene-tetracyanoquinodimethane) surface,
and a direct observation of the structural changes could
not be achieved.

Figure 6(a) shows a STM image obtained on the same
surface at -280 K. The molecular arrangement is simi-
lar to the original structure of the alternative phase; how-
ever, there exists a 2X2 periodic modulation in the
brightness, as shown in the figure. A unit cell is drawn in
Fig. 6(a). The measured size of the unit cell is 1.72 X 2. 19
nm~, which is close to that of the 2X2 structure of the a
phase (1.81X2.17 nm ). Figure 6(b) shows a schematic
structure of the a-(BEDT-TTF}zCu(NCS)z crystal, which
is similar to that in Fig. 3(b). By comparing the schemat-
ic structure with the STM image in Fig. 6(a), positions of
the S orbitals forming the 2X2 structure are marked by
hatched ellipses here. There is good agreement between

the obtained image and the 2 X2 structure. As is shown
in Figs. 6(a) and 6(b), a superstructure with modulated
charge density is formed by uniting two BEDT-TTF mol-
ecules. Since details of the a phase have not been studied
yet, it is difficult to analyze the a phase on an atomic
scale. However, when two-dimensional BEDT-TTF con-
ductive layers in the a phase have a 2k+-like CD% origi-
nating from the BEDT-TTF dimer unit, formation of
such a structure as shown in Fig. 6(b) can be expected. In
the case of the TTF-TCNQ, a superstructure was imaged
at much higher temperatures (-80 K} than the transi-
tion temperature (-50 K). By using x-ray diffraction,
CDW was observed even at -200 K. Therefore, partial
CDW formation can be expected at high temperatures
such as -280 K for the a-(BEDT-TTF)2Cu(NCS)z crys-
tal. '

In conclusion, a structure was found to coexist in ~-
(BEDT-TTF)2Cu(NCS)2, the molecular and electronic
properties of which agree with those of a-(BEDT-
TTF)zCu(NCS)z, which was previously reported as a
charge-transfer salt with metal-insulator transition at
-200 K. A 2X2 superstructure with modulated charge
density was also observed at -280 K, which was formed
by uniting two BEDT-TTF rnolecules and might account
for a CDW occurring.
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