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We performed scanning tunneling microscope (STM) studies to observe the surface electronic struc-
ture of the following semiconducting charge-transfer complexes: dipropylamine-tetracyanoquinodimethane
[DPA(TCNQ);], triethylammonium [TEA (TCNQ),], and N-ethylmorpholinium [HEM(TCNQ),], which all
possess the molecularly flat bc surface terminated predominately with the quasi-one-dimensional (1D) TCNQ~%?
anion chains or the corresponding DPA™, TEA™', and HEM™ cations contributing a lesser fraction. On the bc
surfaces terminated with TCNQ~ anions for all crystals, the 4kz[DPA(TCNQ),] or 2k [TEA(TCNQ), and
HEM(TCNQ),] charge density wave (CDW) driven by the spin-Peierls or Peierls instability for the quasi-1D
TCNQ ™% chains, respectively, which occur already within the bulk, were probed by use of STM on the
crystal surfaces. In that the surface lattice constants obtained from CDW are in good agreement with the bulk
ones obtained by x-ray diffraction, such CDWs are commensurate. This modulation of the electric structure
is so distinct that the geometric corrugation of individual TCNQ anions was hardly traced during our STM
measurements. On the bc surfaces terminated with DPAT, TEA™T, and HEM™ cations, the STM images with
submolecular resolution represent the geometric corrugation of individual molecular cations, and the surface
lattice constants obtained deviate greatly from that of the x-ray crystal structures, indicating self-reassembling of

the surface cations.

DOI: 10.1103/PhysRevB.83.125434

I. INTRODUCTION

Since the discovery of metallic conductivity in a charge-
transfer (CT) complex, tetrathiafulvalene-tetracyanoquino-
dimethane (TTF-TCNQ),' the exploration of such low-
dimensional organic conductors based on s -functional
molecules has been the subject of intensive research.>”!
For example, hundreds of different CT complexes containing
TCNQ have been synthesized, like the series of C(TCNQ),
with stoichiometry 1:2 (C denotes cation molecules) and
quasi-one-dimensional (1D) TCNQ conducting chains in crys-
tals, triethylammonium [TEA (TCNQ),],'® N-methyl-N-ethyl-
morpholinium [MEM (TCNQ),],'” dipropylamine [DPA-
(TCNQ),],'%1°  N-ethyl-morpholinium [HEM(TCNQ),],%°
and so on. TCNQ is a very good electron acceptor for the
presence of the four cyano groups and the relatively large -
electron conjugate system. As a result, in C(TCNQ), crystals,
every C molecule transfers one electron to two TCNQEs,
resulting in the C* cation and TCNQ ™" anion. These crystals
exhibit a wide variety of electrical conductivity, depending
mainly on their structural form and cation properties. It was
found mostly by x-ray diffraction'®!” that the crystalline struc-
ture of these C(TCNQ), charge-transfer complexes usually
exhibits a layered fashion in which layers of TCNQ anions
alternate with layers of C cations, and in the TCNQ layer
the TCNQ~%3 form arrays of quasi-1D chains stacked by the
overlapping of the m electrons of TCNQ. Arising from the
special structural arrangement in crystals, these materials
display a variety of novel electronic and magnetic properties,
such as Peierls or spin-Peierls transitions, metal-insulator
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transitions, magnetic-to-nonmagnetic transitions,
SO on.

On crystallization during synthesis, the layers of C(TCNQ),
crystals tends to form large, molecularly flat crystal surfaces
oriented to the layer direction, because of strong intermolec-
ular in-plane interactions, especially the m-m overlapping
interaction within the TCNQ chains. The large crystal surfaces
naturally provide an appropriate arena for further practical ap-
plications in organic molecular devices?'~>* and to investigate
the surface properties of organic crystals that have not been
well studied so far in contrast to their inorganic counterparts,
such as inorganic semiconductor crystals and metal crystals.
Because the device properties usually strongly depend on the
local arrangement of surface molecules, the surface structure
at the submolecular level for these crystals are necessary to be
clarified whether in fundamental or practical points of view. In
the case of the the C(TCNQ); crystals, there is little knowledge
about surface features, such as step distribution, surface com-
ponent, surface reconstruction and relaxation, and structural
stability, etc., as the traditional inorganic semiconductors
concerned. On the other hand, arrays of TCNQ chains in the
TCNQ~%3 layer for these C(TCNQ); crystals are a quasi-1D
system, which exhibit a 2kp CDW structure driven by Peierls
instability. It is of significant scientific interest to visualize the
structural character of the TCNQ chains when they are exposed
to surface. In this paper, we present the scanning tunneling
microscope (STM) observations of the surface structures
of the CT-complex crystals DPA(TCNQ),, TEA(TCNQ),,
and HEM(TCNQ),. Using high-resolution STM images, we
make clear the electronic and topographic structures of the
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TCNQ™% and the corresponding cation-terminated surfaces,
respectively. In consideration of the interaction environments
of the surface components that are bound by weak bonds (Van
der Waals forces and hydrogen bonds), the surface structural
stabilities are also evaluated on the basis of the obtained STM
images.

II. EXPERIMENTAL METHOD

The CT-complexe crystals TEA(TCNQ),, HEM(TCNQ),,
and DPA(TCNQ), were synthesized according to the method
of Mebyl et al.>* The following is the synthesizing process of
the TEA(TCNQ); crystal, which is taken as an example. First,
the triethylammonium iodide was prepared by adding triethy-
lamine into an HI solution. After filtration and drying at room
temperature, a white crystal was obtained. A boiling solution
of 0.204 g (1.0 mmol) of TCNQ (Aldrich, 98%) in 30 mL
of acetonitrile was then mixed with a boiling solution of
0.115 g (0.5 mmol) of triethylammonium iodide in 5 mL of
acetonitrile. The mixture solution with a dark green color was
placed at room temperature for 48 h. Finally, by filtration, the
black needlelike TEA(TCNQ); crystals were collected.
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These crystals were fixed onto a metallic plate with
conductive silver epoxy, and it was then loaded into an
ultrahigh vacuum chamber with a base pressure of about
3 x 107'° mbar for STM measurements. The STM images
were taken at room temperature, in a constant-current mode
using a tunneling current of 0.3-0.5 nA and a bias voltage
of 40-80 mV (with respect to the sample), otherwise stated
therein. The STM tips used were mechanically cut from a wire
of Pt(80%)Ir(20%) alloys. Lateral dimensions observed in the
STM images were calibrated with a graphite standard.

III. RESULTS AND DISCUSSION

A. Crystal structures

Figures 1(a), 1(b), and 1(c) show the crystal struc-
tures of the CT complexes investigated here, TEA(TCNQ),,
HEM(TCNQ),, DPA(TCNQ),, respectively, with the corre-
sponding chemical structures in the lower part of each panel.
The data used to construct the crystal unit-cell models were
obtained from x-ray diffraction.'®!%20 The crystals all have
a triclinic structure and P1 symmetry, and their crystal
parameters are listed in Table I. In Fig. 1(a), in a unit cell,
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FIG. 1. (Color) [(a)—(c)] The crystal structures are shown in the upper paness and the chemical structures are shown in the lower panels
for TEA(TCNQ),, HEM(TCNQ),, and DPA(TCNQ),, respectively. The crystal structures are represented with a ball-and-stick model. (d)
Macroscopic aspects of the three organic crystals taken by a conventional optical microscope.
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TABLE 1. Lattice constants of the bc plane for DPA(TCNQ),,
TEA(TCNQ),, and DPA(TCNQ), determined from x-ray diffraction®
and STM?.

Space
Material group x-ray (A)  STM' (A)  STM? (A)
b=791 b=84 b=51,70
DPA(TCNQ), P-1 ¢=656 c¢=71 ¢=100,116
y =840" y=80.1° y=2857",68.6
b=1789 b=87 b=102
TEA(TCNQ), P-1 ¢=1322 c¢=131 c¢=77
y =10725 y =112.5° y =65.5°
b=1756 b=83 b=87
HEM(TCNQ), P-1 ¢=1342 ¢=133 ¢=73
y=92" y=1152" y =868

“The x-ray data obtained from Refs. 14, 15 and 16.
®STM ! refers to the be plane terminated with TCNQ anions and STM?
refer to the bc plane terminated with the corresponding cations.

the TCNQ anions form a tetrad of TCNQ % along the c axis,
which is separated by TEA™ cations along the a axis, therefore
the bc plane is composed of either arrays of TCNQ™% chains
or TEA*. This results in the alternating stacked structure of
TCNQ layers and TEA layers in the bc plane. The interplanar
spacings between two TCNQ~%3s within a tetramer are 3.24,
3.32, 3.24, and 3.30 A, which all fall into the overlapping
range of the mw-m interaction. Therefore, the electron wave
function along the ¢ axis is delocalized. For more detail,
the nearest-neighboring overlapping for TCNQ~3s is the
ring-external-bond and the shifted ring-external-bond types,'¢
resulting in molecular (geometric) corrugation of TCNQ ™%
along the 1D chain (c axis).

The crystal structure of HEM(TCNQ), is similar to that of
TEA(TCNQ);, as shown in Fig. 1(b). The bc planes consist
of of TCNQ~%3 layers and HEM™ layers. The TCNQ s
repeated in a tetramer form chains along the ¢ axis. Each
tetramer is built up of two dimers related by an inversion center.
The distance between TCNQ anions within a dimer is 3.23 A;
the intradimer overlap is of the ring-external-bond type. Within
a tetramer the separation between the dimers is 3.31 A and
between successive tetramers 3.42 A, with overlaps of the
shifted ring-ring and ring-external-bond types, respectively.?’

InFig. 1(c), the DPA(TCNQ); crystal consists of alternately
stacked TCNQ™%° and DPA* layers along the a axis. In bc
planes, the TCNQ~%3 anions form a dimer unit within a chain
along the c axis, with a ring-external-bond type. The distance
between TCNQ’O'SS is 3.27 A. At room temperature, the
DPA™ is disordered by the thermal motions, which thereby
makes the location of DPA™ in the crystal model unable to
be precisely defined through the x-ray diffraction data.'® The
circle in Fig. 1(c) presents the approximate location of a DPA™.

Figure 1(d) presents the typical macroscopic aspects of
the three crystals, taken by optical microscope. They are
black, flake shaped, and elongated along the conductive c-axis
direction. For all crystals, there always exists a smooth surface
that is obviously much larger than other surfaces. By x-ray
diffraction, this largest surface is determined to the bc plane.
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B. Surface steps and terraces

For the three CT-complex crystals, the alternate layers
are defined as the bc plane; therefore, in principle, the bc
surface is either TCNQ ™" terminated or terminated by the
corresponding cation. In STM observations, we found that
most of the bc surface is terminated with TCNQ~ %3, as
expected, because of the strong intermolecular -7 interaction
between TCNQ~"7s which significantly reduces the surface
free energy. Occasionally, on some small terraces, the cations
at the outmost surface were also found. For instance, Fig. 2(a)
is a large-scale STM image of the bc surface for the
TEA(TCNQ), crystal, where large molecularly flat terraces
hundreds of nanometers in size are identified as TCNQ 0
terminated,* which will be verified in the latter text in the
high-resolution STM images. Figure 2(b) is a cross-section
profile measured along the A-B line. The height difference
of larger neighboring terraces is about 1.45 nm, which is
close to the lattice parameters in the direction of the a axis,
1.43 nm. Since a unit cell of the crystal consists of alternate
TCNQ™% and TEA™ layers stacked along the a axis, this
step must be contributed from the two-layer height, both the
TCNQ~%3 and TEA™ layers. Identification of the two layers
was clearly documented in our previous publication.* The
TEA™-terminated surface often appears in small terraces and
occupies the smaller surface area. For example, a small terrace
[marked in TEA in Fig. 2(a)] extends from a large terrace
at the step edge, and the corresponding cross-section profile
along the C-D line is shown in Fig. 2(c). Clearly, the TEA™
layer intervenes between two TCNQ ™% layers, with a height
difference of 0.91 and 0.54 nm relative to the bottom and
upper terraces, respectively. But the TEA™ layer in the crystal
locates in the middle of the lower and upper TCNQ ™" layers
on average. This difference from the surface TEA™ layer can
be ascribed to the surface molecular relaxation.

The STM images in Fig. 3 were taken at a set-point
tunneling current of 1.5 nA, which is much larger than the
current (0.3-0.5 nA) normally used to scan the TEA(TCNQ),
crystal surfaces here. Figure 3(a) shows that during scanning, a
layer of surface was suddenly removed under this high current,
exhibiting a darker color in this region. A cross-section profile
along A-B, shown in Fig. 3(b), indicates that the height of the
disappeared layer is about 0.51 nm, which means that only
the TCNQ layer was removed and the exposed surface then
became TEA terminated. It is possible that a layer of TCNQ
and a layer of TEA can be removed together, as shown in
Figs. 3(c) and 3(d), where the height of the disappeared layers
is about 1.41 nm, agreeing well with the height of the two
layers in bulk (lattice constant in the a axis). The removing
process induced by STM is not well understood, which may
be pulled and pushed by the STM tip during scanning due
to the large tip-sample interaction under the high tunneling
current on this soft crystal surface. With this removed process,
the desired surface, for example, the TCNQ~%’-terminated or
TEA™-terminated surface, can be easily achieved.

C. Submolecular-resolution TCNQ~"-terminated surfaces

Figure 4(a) shows a high-resolution STM image of the
TCNQ~% anions terminated bc surface for the DPA(TCNQ),
crystal at room temperature, where the characteristic bright
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FIG. 2. (Color online) (a) Large-scale STM image of the bc surface for TEA(TCNQ),, which clearly shows surface steps and terraces.
Scale bar = 52 nm. [(b) and (c)] Height profile along the lines of the AB and CD arrows in (a).

lobes appear as obvious periodicity. The unit cell drawn in
the arrows is b = 0.84 nm, ¢ = 0.71 nm, and y = 80.1°,
which agrees with the crystal structure obtained by x-ray
diffraction, » = 0.79 nm, ¢ = 0.66 nm, and y = 84°. For
clearer comparison in the crystallographic structure between
the STM image and the corresponding x-ray diffraction result,
Fig. 4(b) presents a space-filling model of the bc surface
terminated with TCNQ~s constructed with the data of x-ray
diffraction,'® and a row of TCNQs cut from the above STM
image. The space-filling model shows only the arrays of
TCNQ~%3 chains on the outmost surface, and the individual
TCNQ~% anion is in the slightly tilted stand-upright form
along the molecular long axis of TCNQ. From the STM
image, we cannot distinguish the individual TCNQ~% anion
from the lobe. Through the size comparison [the red lines in
Fig. 4(b)], obviously, each lobe in the STM image corresponds
to a TCNQ~% dimer on the surface.

Figures 5(a) and 5(b) show the high-resolution STM images
for the TEA(TCNQ), and HEM(TCNQ), bc surfaces termi-
nated with TCNQ™%3s, respectively, with the space-filling
models displaying the TCNQ arrangement under the respective
STM images. The crystallographic parameters measured from

the STM images are, b = 0.87 nm, ¢ = 1.31 nm, and y =
112.5° for TEA(TCNQ); and » = 0.83 nm, ¢ = 1.33 nm,
and y = 115.2° for HEM(TCNQ),, in which is consistent
with the data listed in Table I obtained by x-ray diffraction.
Although there is an obvious difference in appearance for
the two STM images, each feature (bright lobes) in the two
images corresponds to a TCNQ ™" tetramer by comparing
the images and the space-filling models. It is worth noting
that there exist two other distinct structures, the monomer and
octamer structures, on the TCNQ ™~ terminated bc surface of
TEA(TCNQ),,* which might result from the complex balance
of all kinds of surface energy, such as surface free energy,
terrace boundary free energy, and defect energy. But they are
metastable and easily change to the tetramer structure, or are
quite rare in appearance, and are out of consideration here.
Due to the weak coupling between the TCNQ chains by Van
der Waals forces, it is reasonable to consider the electronic
structure of the TCNQ %’-terminated surfaces within the
frame of a simple assemble of 1D TCNQ chains. For within
a 1D TCNQ chain, since the TCNQs bind strongly each other
by the m-m overlapping interaction, its electronic structure
can be described as a linear combination of lowest unoccupied

125434-4



CHARACTERISTICS OF CHARGE DENSITY WAVES ON . ..

PHYSICAL REVIEW B 83, 125434 (2011)

1.4

(b)

1.2}

1.0

E

£ os 0.51

-

S osf

‘@

< 04}
0.2¢ B
0.0 . . L . . 1

0 2 4 6 8 10 12
length (nm)

height (nm)

o 2z 4 & 8 10
length (nm)

FIG. 3. (Color online) (a) [or (c)] STM image of the bc surface for TEA(TCNQ), under a high-set-point current of 1.5 nA, about in the
middle of which STM tip etching occurs, leading to a layer of TCNQ (or a layer of TCNQ and a layer of TEA) being removed. (b) [or (d)]
Height profile along the double-headed arrow AB in (a) [or CD in (c)]. The scanning area of the two images is all 20 x 12.5 nm?.

molecular orbitals (LUMOs) of TCNQ. Figure 6(a) presents
the LUMO of TCNQ, calculated based on the calculation of
density functional theory, where the LUMO consists largely
of contributions from the center phenyl ring with a lesser
contribution from the ourter nitrogen atoms. Since every
TCNQ LUMO is partially occupied in the three crystals with
p = -0.5 TCNQ sites (where p is the average electron per
site), the highest occupied state (Ep, Fermi level) in the
formed energy band can be achieved by electron filling. In-
terpretation of the STM images for the TCNQ~-terminated
surfaces therefore is best described in terms of available states
near Er.

When every LUMO of TCNQ is occupied by 0.5 electrons,
the energy band of the whole 1D chain is schematically shown
in Figs. 6(b)-6(e), with the internal structure depending on the
mutual relationship of the Coulomb repulsion energy (U) and
the transfer integral (7), as well as the structural variation of
the chain. Here, U mainly refers to the Coulomb interaction
between two electrons when they occupy the same energy
level with the opposite spin. Therefore it is also called the
spin pairing energy; ¢ specifically refers to the 7 -7 interaction
between TCNQs, the magnitude of which scale the delocalized
level of electrons in the 1D TCNQ chains. Based on the
tight-binding band approximation, when U < 4t, the 1D
chain adopts a metallic band structure in which the band is
one-quarter filled, as shown in Fig. 6(b). Further, when the
TCNQ~%3 lattice in the chain undergoes tetramerization, the
energy gap appears with a 2k charge density wave (CDW)
for lowering the total energy of the system and the crystal
becomes semiconducting, as shown in Fig. 6(c). In the STM

images of Fig. 5, the tunneling contrast periodicity along
the direction of the TCNQ chain (¢ axis) is consistent with
the corresponding crystallographic parameter that is the 2kp
tetramerized structure in the bulk crystal of TEA(TCNQ), and
HEM(TCNQ),.!%2% As the STM image is composed of mainly
the local density of states (LDOS) near Ep, the observed
LDOS represents acommensurate CDW. Note that the tetramer
structure has an inner molecular height corrugation that results
from the slipped ring-external bond arrangement of TCNQ -
anions [Fig. 4(b)], but the contrast in STM images along
the ¢ axis has not reflected this feature in every bright lobe.
This indicates that the geometric structure of the 1D chain
contributes less to the contrast of the STM image.

Large electron-electron repulsion (U) will suppress the
tendency to form tetramers in a TCNQ %3chain, with the
consequence that a dimerized structure (4kr) will be pre-
ferred. Previous studies on DPA(TCNQ), indicate that the
electric and magnetic phase transition occurs simultaneously at
215 K, which is indicative of spin-Peierls transition.'$19 As
shown in Fig. 6(d), if U > 4¢, a spin-polarized state can
take place. The energy of this state can be further lowered
by formation of a magnetic 4ky structure which results in
dimerization of the 1D chain, lowering the electron kinetic
energy, and the formation of a band gap [Fig. 6(e)]. The
STM image of DPA(TCNQ), (Fig. 4) shows clearly the
dimerized structure of the TCNQ~%3 chain. In contrast to
TEA(TCNQ), and HEM(TCNQ),, the mechanism by which
the strong electronic correlation (U is large) in DPA(TCNQ),
occurs has not been well clarified, which is ascribed, in general,
to the influence of cations on the quasi-1D TCNQ™% chains.
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FIG. 4. (Color online) (a) High-resolution STM image of the bc
surface of DPA(TCNQ), (V, =40 mV, I, = 0.3 nA, 10.5 x 4.5 nm?),
which is recognized as TCNQ ™" terminated. The crystal axes of (b)
and (c) are drawn in the image. (b) Space-filling model displaying the
arrangement of the outermost TCNQ~%s of the bc surface, which
was constructed through x-ray diffraction data. For a comparison, a
segment of STM image cut from (a) was placed under the model with
the same scale.

FIG. 5. (Color online) High-resolution STM images of the bc
surface terminated with TCNQ™%3s for (a) TEA(TCNQ), and
(b) HEM(TCNQ),, respectively, and space-filling models displaying
the arrangement of the outermost TCNQ %35 of the bc surface were
placed under the corresponding STM images. The scanning area is
12.5 x 4.0 nm?, V, is 50 mV, I, is 0.3 nA.The crystal axes of (b) and
(c) are drawn in the image.
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FIG. 6. (Color online) (a) LUMO of the TCNQ molecule.
Schematic representation of the electron occupation in the energy
band of a quasi-1D TCNQ chain formed by the LUMO, (b) metallic
state one-quarter filled, (c) tetramerized 2k state, (d) polarized-spin
state, and (e) dimerized 4k state.

Organic low-dimensional materials attract much attention
due to the extensive m-electron delocalization along 1D or 2D
stacks of anions or cations.” Some of these materials become
superconductors. In general, these materials occur via Peierls
or spin-Peierls transitions, which are usually derived by x-ray
or neutron diffractions. Our STM images clearly visualize the
structural character of these quasi- 1D organic molecular chains
in real space, which verifies that these phase transitions do
happen in these organic materials.

D. Submolecular-resolution DPA*-, TEA*-,
HEM*-terminated surfaces

Figure 7 shows STM images of the DPA™-terminated
bc surface of the DPA(TCNQ), crystal, where two kinds
of structures, the compact [Fig. 7(a)] and loose [Fig. 7(c)],
exist with the following structural parameters: (i) b =
0.51 nm, ¢ = 1.0 nm, y = 85.7°; (ii) » = 0.70 nm, ¢ =
1.16 nm, y = 68.6°. These structure parameters are inde-
pendent of the bulk crystallographic ones (Table I). During
STM scanning, the two structures are easily exchanged due
to the STM tip disturbance, indicative of their instability.
Figures 7(b) and 7(d) are the enlarged images of the two
structures with DPA™ molecules superimposed on the image

(of

FIG. 7. (Color online) High-resolution STM images of the bc
surface terminated with DPA™s for (a) the compact structure and (b)
the enlarged images with the DPA™ overlaid on the features; (c) the
loose structure and (d) the enlarged images with the DPA™ overlaid
on the features. The scanning areas of (a) and (c) are 9.5 x 4.0 nm?
and 9.5 x 5.5 nm?, respectively. The crystal axes of (b) and (c) are
drawn in the image.

125434-6



CHARACTERISTICS OF CHARGE DENSITY WAVES ON . ..

FIG. 8. (Color online) High-resolution STM images of the bc
surface terminated with (a) TEA™s and (¢c) HEMs. [(b) and (d)] The
corresponding enlarged images with the TEA™ and HEM™ overlying
the features, respectively. The scanning area of (a) and (c) is 10.5 x
5.2 nm?. The crystal axes of (b) and (c) are drawn in the image.

features. The shape of the image feature coincides very well
with the profile of the overlaid molecules, clearly indicating
that this surface is indeed terminated by DPA™. The ordering
of the DPA*-terminated surface may arise from two factors:
one is the long-range repulsion interaction between DPA™s
that is very weak because the distance of neighboring DPA*s
is very large. This is why the two structures are unstable.
The other is that the DPA™ may interact with the underlying
TCNQ~% anions. In bulk, the interaction between DPA*
and TCNQ™° is mainly via the hydrogen bond. But the
surface DPA™, due to its conformation varying greatly from
the bulk one, must give rise to the different interaction
with the underlying TCNQ ™" anions from that within bulk.
The structural instability described above implies that this
interaction is also not strong. On all accounts, the exposed
surface layer of DPA™, with its interaction environment
differinging greatly from the bulk one, adopts new structures,
as observed in Fig. 7.

The DPA™ cation, however, are in closed-shell configura-
tion and are not likely to possess states in the vicinity of Ep.
Therefore, the STM contrast largely comes from the individual
molecular structural corrugation, which explains the similarity
between the STM image and the profile of DPA*. Meanwhile
the surface layer of DPA™ blocks the STM tip to probe the
LDOS of the underlying TCNQ layer.

Figure 8 shows STM images of TEA*- [Fig. 8(a)] and
HEM™ - [Fig. 8(c)] terminated bc surfaces of the TEA(TCNQ),
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and HEM(TCNQ), crystals, respectively. The unit cell mea-
sured from the images is » = 1.02 nm, ¢ = 0.77 nm,
y = 65.5° for TEA(TCNQ), and b = 0.87 nm, ¢ = 0.73
nm, y = 86.8° for HEM(TCNQ),. These parameters also
differ largely from those of the bulk ones listed in Table I.
Figures 8(b) and 8(d) are the enlarged images of the two
bc surfaces with TEAT and HEM™ superimposed on the
image features, respectively. The shape of the image feature
coincides very well with the profile of the overlaid cations,
clearly indicating that the surfaces are indeed terminated
by TEA" and HEM™, respectively. In comparison to the
DPA™-terminated surface, the TEAT- and HEM*-terminated
surfaces are more stable during STM scanning. In particular, by
repeatedly scanning the HEM™ - terminated surface, the same
STM images were achieved without any change in structure.
In consideration of an oxygen atom in the HEM molecule,
the distance of the oxygen atom and the CH group on the
neighboring HEM molecule, as marked in the dotted lines
in Fig. 8(d), is about 1.8 A, which falls into the interacting
range of a hydrogen bond CH---O.%° Therefore, the formation
of the hydrogen bond enhances the structural stability on the
HEM™ -terminated surface.

The STM results of the cation-terminated bc surfaces
show that the surface structures deviate greatly from the
corresponding ones, indicative of self-reassembling of these
surface cations. This can be ascribed to the fact that the
interactions between surface cations and the underlying layer
are weak bonds, such as van der Waals forces or hydrogen
bonds, which are easily altered in surface environments that
differ from the bulk one. Also, the specific chemical structure
of these cations is an important factor that influences the
formed surface structure and stability.

IV. CONCLUSION

The anion- (TCNQ~°7) and cation- (DPA™, TEA+, HEM™)
terminated bc surfaces for the quasi-1D charge-transfer-
complex organic crystals DPA(TCNQ),, TEA(TCNQ);, and
HEM(TCNQ), have been revealed by STM, which ex-
hibit the distinct characteristics of surface structure. The
TCNQ~%3-terminated bc surfaces of the three crystals strictly
maintain the same lattice periodicity as the bulk crystallo-
graphic parameters, and the LDOS detected by STM repre-
sent a commensurate 2k [TEA(TCNQ), and HEM(TCNQ),]
or 4kr[DPA(TCNQ),] CDW that occurs at the quasi-1D
TCNQ™%3 chain in bulk materials. Such structural rigidity
is a consequence of the strong m-m overlapping interaction
between TCNQ s within a chain. For cation-terminated bc
surfaces, the surface lattice constants deviate greatly from the
corresponding ones, implying a self-reassembling of surface
structures. This behavior is attributed to the weak interactions
between cations or with the underlying layer that are more
sensitive to the variation of interaction environments.
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