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Surface superstructures of quasi-one-dimensional organic conductor S8-(BEDT-TTF),PF
crystal studied by scanning tunneling microscopy
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Two kinds of superstructures were found at ~280 K by scanning tunneling microscopy on the crystal
surface of B-(BEDT-TFF),PF, a quasi-one-dimensional organic conductor with a metal-insulator phase
transition at ~297 K. One has a structural modulation which is perpendicular to the one-dimensional
conductive axis, similar to that previously observed on a TTF-TCNQ crystal surface. The other has a
twofold periodicity along the one-dimensional conductive axis, as expected from the theory. Under the
assumption that the former is an intermediate structure caused by the interaction between neighboring
one-dimensional molecular chains, superstructures which have been observed in BEDT-TTF compounds

could be explained well.

Organic conductors of BEDT-TTF compounds
[BEDT-TTF-bis(ethylenedithio)-tetrathiafulvalene] have
been attracting considerable attention and have been
studied extensively because of their high potential desig-
nability as superconductive materials.! On the other
hand, since they have low-dimensional conductivity, they
are also very intriguing for the study of phase transitions
such as those caused by charge density waves (CDW).
Scanning-tunneling-microscopy (STM) study has been
used to verify the CDW phase transition of MX, (M tran-
sition metal, X chalcogen atoms) materials such as TaSe,
on an atomic scale.2”> However, despite the recent suc-
cess of STM studies, there still remain several fundamen-
tal problems concerning the superstructures of organic
materials. For example, according to the STM study of
the Peierls transition appearing in a tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) crystal, the ob-
served charge modulation at ~80 K was perpendicular
to the quasi-one-dimensional axis of the crystal, instead
of having the expected twofold periodicity along the one-
dimensional conductive axis.® Similar charge density
modulation was observed for an a-(BEDT-TTF),I; thin
film with a CDW phase transition at 160 K.” Chainlike
CDW phases were also found in graphite intercalation
compounds.?1° Important roles of one-dimensional con-
ductive chains in two-dimensional conductive materials
have been pointed out. Therefore, elucidation of the for-
mation mechanism of surface structures in organic ma-
terials is important, and further study on the atomic scale
is urgently required.

In this paper, we present the results obtained for the
B-BEDT-TTF),PF, crystal with quasi-one-dimensional
conductivity. Since the CDW phase transition occurs at
~297 K, i.e., around room temperature, this material is
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very useful for STM study around critical temperature in
consideration of the effect of the CDW fluctuation. Su-
perstructures appearing in other quasi-two-dimensional
BEDT-TTF compounds will also be discussed.

Figure 1 shows the crystal structure of B-(BEDT-
TTF),PF¢ obtained by x-ray diffraction. The crystal data
are orthorhombic, with space group Pnna, a=1. 4960(4)
b=3.2643(7), c=0.6664(2) nm, and ¥V =3.2546 nm>. It is
the first organic conductor in which quasi-one-
dimensional conductivity in the direction parallel to the
molecular plane, along the ¢ axis, was seen, and a metal-
insulator transition was observed at ~297 K (=T,).!' 713
According to the calculation by the Hiickel method,'?
strong dimerization of BEDT-TTF molecules is expected
to form uniform half-filled metallic chains along the ¢
axis above T,.. The anisotropy of the resistivity increases
rapidly around T,, and below T, the lattice constant in
the direction of the c axis becomes doubled due to accom-
panying 2k CDW. Therefore, double periodicity should
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FIG. 1. Crystal structure of B-(BEDT-TTF),PF¢ determined
by x-ray diffraction.
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be observed along the ¢ axis by STM.

A single crystal was prepared by the conventional elec-
trochemical oxidation method. The crystal was fixed
onto a copper plate with conductive silver epoxy and
STM observations were performed on the crystal surface.
No particular surface pretreatment for STM observation
was carried out except for rinsing in deionized water. All
STM images shown in this paper were obtained in the
constant-height mode using a PtIr tip. No particular
correction was performed.

Figure 2(a) shows a STM image obtained over the crys-
tal a-c plane at ~280 K. The unit cell obtained is
1.6X0.62 nm?, which agrees well with the crystal struc-
ture obtained by x-ray diffraction, 1.4960(4)X0.6664(2)
nm? A schematic of the crystal a-c plane structure is
shown in Fig. 2(b). Since the lobes of the highest occu-
pied molecular orbital (HOMO) 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. 2(b) by ellipses,
which should be compared with the STM image ob-
tained.'*!®> Since BEDT-TTF molecules along the a axis
are alternately placed about 0.1 nm from the surface,
BEDT-TTF molecules are alternately marked by ellipses
in the direction of the a axis. The molecular arrangement
in the observed image in Fig. 2(a) agrees well with the
crystal structure shown in Fig. 2(b).

Since T, = ~297 K, the CDW phase is expected to ap-
pear around room temperature. In fact, two different
kinds of superstructures were observed at ~280 K,

FIG. 2. (a) STM image obtained over the a-c plane of B-
(BEDT-TTF),PF, crystal at ~280 K (V,=+30 mV, I, =500
pA). (b) Schematic structure of the crystal projected on the
crystal a-c plane.
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which are shown in Figs. 3(a) and 4(a). In consideration
of the unit cell determined in Figs. 3(a) (1.5X0.7 nm?
and 4(a) (1.6 X 1.2 nm?), schematic structural models are
shown in Figs. 3(b) and 4(b), respectively, where BEDT-
TTF molecules corresponding to the bright STM pro-
trusions in Figs. 3(a) and 4(a) are marked by solid el-
lipses.

The observed superstructure in Fig. 3(a) has a charge
modulation along the @ axis as compared to the normal
structure shown in Fig. 2. Since the quasi-one-
dimensional conductive axis is in the direction of the ¢
axis, the observed modulation is perpendicular to the
one-dimensional conductive axis, unlike that expected
from the theory. This structure is similar to those previ-
ously observed for the TTF-TCNQ crystal surface at
~80 K and for a-(BEDT-TTF),I,.%7 On the other hand,
the superstructure shown in Fig. 4(a) has a twofold
periodicity along the one-dimensional conductive axis (¢
axis), which is in good agreement with the theoretical ex-
pectation of the CDW phase and the result of x-ray-
diffraction measurement. The 1 lattice constant modula-
tion remains along the a axis in Fig. 4(a). This does not
contradict to the result of x-ray-diffraction measurement;
however, detailed calculation is necessary to understand
it. The most frequently observed structure at ~280 K
had the modulation perpendicular to the one-dimensional
conductive axis [Fig. 3(a)].

Recently, a 2X2 superstructure with modulated

charge density, formed by uniting two BEDT-TTF mole-
observed by STM

cules, was of an a-(BEDT-

(a)

(b)

FIG. 3. (a) Superstructure of S-(BEDT-TTF),PF crystal sur-
face obtained at ~280 K (¥V,=+30 mV, I, =600 pA), and (b)
its schematic structural model.
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FIG. 4. (a) Another superstructure of B-(BEDT-TTF),PFq
crystal surface obtained at ~280 K (V,=+30 mV, I,=500
pA), and (b) its schematic structural model.

TTF),Cu(NCS), crystal, a quasi-two-dimensional organic
conductor of the BEDT-TTF compound with a metal-
insulator phase transition at ~200 K.!*> According to a
recent band calculation, this material has a peculiar me-
tallic Fermi surface along the (a-b) direction;'® therefore,
the observed charge modulation can be understood as be-
ing ordered perpendicular to the metallic axis of (a-b). A
STM image and its schematic structure are shown in Fig.
5.

Similar charge-density modulation was observed by
STM in an a-(BEDT-TTF),l; crystal which has a CDW
phase transition at 135 K, and in its thin film.” The ob-
served unit cell was ~2.1X1.4 nm? (a Xb), about twice
as long in the direction of the a axis than that of the bulk
crystal (0.92 nm). Since the most conductive axis is in the
direction of the crystal b axis, the observed double
periodicity was perpendicular to the most conductive
one-dimensional axis. In addition, the conductance
behavior of the a-(BEDT-TTF),I; thin films was found to
be different from that of the single crystal; the former
shows a gradual drop of conductance around 160 K,
while an abrupt metal-insulator transition was observed
at 135 K for the latter. Recently, a similar change in crit-
ical temperature was observed in TTF-TCNQ thin
films.!7 Therefore, some surface effect seems to exist in
thin films, which may be related to the increase of the
critical temperature.

In order to study the electronic structure of S-(BEDT-
TTF),PF¢ around T, I-V (tunneling current-bias voltage)
curves were obtained. Figure 6 shows a series of I-V
curves obtained at (a) 304 K, (b) 230 K, and (c) 202 K,
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FIG. 5. (a) STM image obtained over the a-b plane of a-
(BEDT-TTF),Cu(NCS), (V,=+23 mV, I, =2.7 nA, 9X9 nm?.
(b) Schematic structure of the crystal projected on the crystal a-
b plane (Ref. 14).

under the conditions of (tip bias voltage V,, set current
I,) (a) (50 mV, 1.0 nA), (b) (200 mV, 0.5 nA), and (c) (200
mV, 0.5 nA). As is shown in Fig. 6, the electronic prop-
erty at 304 K is metallic, and conductivity decreased with
temperature, as expected. However, metallic electronic
states partially remained on an atomic scale even at 230
K between the energy gap, indicating fluctuation of the
CDW, which is considered to be the reason for the ap-
pearance of three different structure types at ~280 K.
Generally, due to the interaction among the one-
dimensional chains, CDW phases along the one-
dimensional chains shift by the amount of 7 relative to
each other; thereby, the Peierls transition is stabilized.
However, when fluctuation becomes larger, correlation of
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FIG. 6. Series of I-V curves measured at (a) 304 K, (b) 230 K,
and (c) 202 K.
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the CDW phase between the neighboring one-
dimensional chains is disturbed, resulting in the increase
of the interaction energy. Therefore, some reconstruc-
tion, such as the observed modulation [Fig. 3(a)], may
occur to reduce the interaction energy between the neigh-
boring one-dimensional chains. On semiconductor sur-
faces, surface reconstruction such as dimer buckling is
known to reduce the surface energy by disrupting the
structural symmetry; this is observed on Si(100) and
GaAs(011) surfaces.!®

In consideration of the fact that thin films of TTF-
TCNQ and a-(BEDT-TTF),I; have been found to have
higher, but dull critical temperature of the metal-
insulator transition, i.e., gradual drop of conductance,”!’
theoretical calculation is necessary to clarify the surface
effect in organic materials.

Among the BEDT-TTF compounds, B-(BEDT-TTF),I,
is the most intensively studied structure because it has
two or more superconducting phases with different criti-
cal temperatures. Surface reconstruction in organic ma-
terials was reported for the first time for this material.
The relationship between the bulk (b,c) and the observed
re(‘i(g)ggtructed surface (b’,c¢’) unit cells is represented well
by

b/
cl

However, the reason for this surface reconstruction is not
clear.

According to the discussion above, a superstructure
should occur along the direction perpendicular to the
most conductive axis due to the interaction among the
neighboring one-dimensional chains caused by fluctua-
tion. Recent band-structural calculation shows that the
crystal has a metallic property along the b axis. There-
fore, modulation is expected to occur along the ¢ axis,
which is different from the observed structure. However,
it is possible to understand the observed molecular ar-
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rangement as a 2X2 superstructure, which is similar to
the structure of B-(BEDT-TTF),PFy in Fig. 4. If the
structure in Fig. 4 is assumed to be a phase which ap-
pears at lower temperatures following the intermediate
structure shown in Fig. 3, the 2X2 structure observed on
the B-(BEDT-TTF),I; crystal surface is considered to be
in the second stage of the phase transition: the CDW
state. Lower instability of the B-(BEDT-TTF),I; crystal
compared to other BEDT-TTF compounds, which may
cause a stronger surface effect, is a possible reason for
this. In order to understand the formation mechanism of
the surface superstructure of organic materials, further
study such as temperature dependence of the STM im-
ages must be performed.

In summary, in addition to the normal CDW phase, a
superstructure with a modulation perpendicular to the
one-dimensional conductive axis was found by STM on a
B-(BEDT-TTF),PF, surface at ~280 K, the structure of
which is similar to that previously observed on a TTF-
TCNQ crystal surface around its critical temperature.
Under the assumption that the new structure is an inter-
mediate phase caused by the interaction between neigh-
boring one-dimensional molecular chains upon fluctua-
tion of the CDW around critical temperature, superstruc-
tures which have been observed in other BEDT-TTF
compounds could also be explained well.

We wish to thank Professor A. Kobayashi for allowing
the use of her x-ray-diffraction data on the B-(BEDT-
TTF),PF, crystal, and Professor M. Yoshimura, Toyota
Institute of Technology, for fruitful discussions. We also
thank UNISOK Corp. for their help in measurements at
low temperatures. This work was supported in part by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science and Culture of Japan. Support from
the Iketami, Izumi, and Kurata, Saneyoshi and Mikitani
Foundation is also acknowledged.

*Author to whom correspondence should be addressed. Elec-
tronic address: hidemi @ mat.ims.tsukuba.ac.jp

1G. Saito, T. Komatsu, T. Nakamura, and T. Yamochi, in Elec-
trical, Optical, and Magnetic Properties of Organic Solid State
Materials, edited by L. Y. Chiang, A. F. Garito, and D. J.
Sandman, MRS Symposia Proceedings No. 247 (Materials
Research Society, Pittsburgh, 1992), p. 730.

2J. Kim, W. Yamaguchi, T. Hasegawa, and K. Kitazawa, Phys.
Rev. Lett. 73, 2103 (1994).

3G. Raina, K. Sattler, U. Muller, N. Venkateswaran, and J.
Xhie, J. Vac. Sci. Technol B 9, 1039 (1991).

4G. Wang, C. Shough, and R. Coleman, J. Vac. Sci. Technol. B
9, 1048 (1991).

5SR. Coleman, B. Giambattista, P. Hansma, A. Johnson, W.
Mcnairy, and C. Slough, Adv. Phys. 37, 559 (1988).

6S. Pan, A. L. Delozanne, and R. Fainchtein, J. Vac. Sci. Tech-
nol. B9, 1017 (1991).

7M. Yoshimura, H. Shigekawa, K. Kawabata, Y. Saito, and A.
Kawazu, Appl. Surf. Sci. 60/61, 317 (1994).

8S. Mizuno and K. Nakao, Phys. Rev. B 41, 4938 (1990).

9D. Anselmetti, V. Geiser, G. Overney, R. Wiesendanger, and
H. Gunterodt, Phys. Rev. B 42, 1848 (1990).

10K, Miyake, Y. Aiso, M. Komiyama, and H. Shigekawa, Scan.

Microsc. 8, 459 (1994).

11, Kobayashi, T. Mori, R. Kato, A. Kobayashi, Y. Asaki, G.
Saito, and H. Inokuchi, Chem. Lett. 1983, 581.

12T, Mori, A. Kobayashi, Y. Sasaki, R. Kato, and H.
Kobayashi, Solid State Commun. 53, 627 (1985).

13H. Shigekawa, K. Miyake, Y. Aiso, H. Oigawa, T. Mori, and
A. Kobayashi, Synth. Met. 70, 935 (1955).

14H. Shigekawa, K. Miyake, H. Oigawa, Y. Nannichi, T. Mori,
and Y. Saito, Phys. Rev. B 50, 15427 (1994).

I5SM. Yoshimura, H. Shigekawa, H. Nejoh, G. Saito, Y. Saito,
and A. Kawazu, Phys. Rev. B 43, 13 590 (1991).

16N. Kinoshita, M. Tokumoto, K. Murata, K. Takahashi, H.
Anzai, T. Mori, and K. Honda, Synth. Met. 41-43, 2107
(1991).

I7N. Ara, K. Yase, H. Shigekawa, M. Yoshimura, and A.
Kawazu, Synth. Met. 70, 1245 (1995).

18R, Feenstra, J. Stroscio, J. Tersoff, and A. Fein, Phys. Rev.
Lett. 58, 1192 (1987).

19Y. Nogami, S. Kagoshima, H. Anzai, M. Tokumoto, N. Nori,
N. Kagoshima, and G. Saito, J. Phys. Soc. Jpn. 59, 259 (1990).

20M. Yoshimura, H. Shigekawa, H. Yamochi, G. Saito, Y. Sai-
to, and A. Kawazu, Phys. Rev. B 44, 1970 (1991).



FIG. 2. (a) STM image obtained over the a-c plane of -
(BEDT-TTF),PF, crystal at ~280 K (V,=+30 mV, I,=500
pA). (b) Schematic structure of the crystal projected on the
crystal a-c plane.



FIG. 3. (a) Superstructure of 3-(BEDT-TTF),PF; crystal sur-
face obtained at ~280 K (¥, =+30 mV, I, =600 pA), and (b)
its schematic structural model.



FIG. 4. (a) Another superstructure of B-(BEDT-TTF),PF,
crystal surface obtained at ~280 K (V,=+30 mV, I,=500
pA), and (b) its schematic structural model.



FIG. 5. (a) STM image obtained over the a-b plane of a-
(BEDT-TTF),Cu(NCS), (¥,=+23 mV, I,=2.7 nA, 9X9 nm?).
(b) Schematic structure of the crystal projected on the crystal a-
b plane (Ref. 14).



