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The adsorption of the �-conjugated organic molecule �-sexithiophene which is widely used in molecular
electronics has been studied on Au�111� by low-energy electron diffraction and scanning tunneling microscopy.
For monolayer adsorption at room temperature, large, well-ordered domains of flat-lying molecules which
arrange in molecular rows are observed. A detailed structure analysis reveals an incommensurate, line-on-line
oriented monolayer with one molecule per unit cell. In contrast to the behavior in the three-dimensional bulk
structure, flat-lying adsorption introduces molecular chirality: Right- and left-handed molecules separate into

domains of different orientations which are mirror symmetric with respect to the �112̄� substrate direction.
Details of the adlayer structure and the chiral self-recognition can be rationalized based on the van der Waals
contour of the adsorbed molecules.

DOI: 10.1103/PhysRevB.75.195439 PACS number�s�: 68.55.�a, 68.43.Fg, 61.14.Hg, 68.37.Ef

I. INTRODUCTION

In the wide field of molecular electronics, the nanoscopic
and mesoscopic order in thin films of �-conjugated organic
molecules are of great importance for the performance in
low-cost electronic and optoelectronic devices as solar cells,
light-emitting diodes, and field-effect transistors. This has
driven many investigations of adsorption and growth of thin
films on various substrates as reviewed recently.1–3 One
promising class of larger �-conjugated organic molecules is
based on oligothiophenes and their derivates. The physical
properties of oligothiophenes can be tuned by the number of
thiophene rings or by functional groups. Often oligoth-
iophenes serve as a model system for the structural less con-
trollable polythiophene. In the bulk crystal, �-sexithiophene
�6T� adopts a herringbone structure with two and four planar
molecules in a high-temperature and a low-temperature
monoclinic phase, respectively.4,5 In both structures the two
different species of planar molecules are inclined with re-
spect to the other.4

For adsorption on close-packed metal surfaces and on
highly oriented graphite �HOPG� monolayer structures of 6T
and of the related �-quarterthiophene �4T� with their mo-
lecular planes parallel to the surface have been reported. Es-
pecially the adsorption of 4T, 6T, and end-capped forms of
these molecules have been studied on various noble metal
surfaces.1,3,6–20 On Cu�111�, adsorption with the molecular
plane parallel to the surface has been found for the initial
growth21 which continues for growth temperature of 360 K
and higher coverages with a perpendicular molecular orien-
tation as found also for many other substrates.3 More de-
tailed structural information on the oligothiophene mono-
layer unit cell has been determined on Ag�111� for 4T, end-
capped 4T, end-capped 6T.1,6,10,13 For 6T adsorption on
Ag�110� and on Ag�111�, a flat and commensurate adsorption
with the molecular axis aligned in the high-symmetry �001�
and �110̄� directions, respectively, has been proposed based
on NEXAFS and RHEED results.16 On Au�111�, there is to
our knowledge no structural information available. Only on a
strongly vicinal Au�111� surface 6T adsorption has been

studied so far.17 On Au�111� the adsorption of hexaphenyl
�6P� molecules which are �-conjugated molecules of compa-
rable size have been investigated recently.22 However, due to
the absence of sulfur in these molecules their symmetry and,
most likely, their bonding to the substrate are different from
6T.

Despite the numerous studies on 6T thin films and their
promising optical as well as electronic properties, there is a
lack of knowledge on the detailed molecular structure of the
first monolayer which must serve as a template for any fur-
ther growth. Therefore, we present here a combined high-
resolution scanning tunneling microscopy �STM� and low-
energy electron diffraction �LEED� study on the initial state
of adsorption. It will be shown that the monolayer structure
consists of highly ordered homochiral domains of flat-lying
molecules with all-trans conformation of the thiophene
rings. Many aspects of the molecular structure will be traced
back to an optimization of a dense monolayer structure ac-
counting for the van der Waals contour of the flat-lying mol-
ecule shown in Fig. 1�c�.

On flat metal substrates 6T adsorption is possible with
two different adsorbed species as illustrated in Figs. 1�a� and

FIG. 1. �Color online� Sketch of the �-sexithiophene �6T� mol-
ecule. Note the two possible chiralities upon adsorption on a flat
metal surface shown in �a� and �b�. The van der Waals dimensions
of the molecules are depicted in �c�.
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1�b�. Both species have opposite chirality depending on the
orientation of their sulfur groups. This is a specific property
of oligothiophenes with an even number of thiophene rings
which have a C2 symmetry axis along the surface normal. On
the other hand, oligothiophenes with an odd number of rings
exhibit CS symmetry and are nonchiral. Assuming that sur-
face diffusion occurs as a flat-lying molecule by largely
maintaining the attractive molecule-substrate interaction, the
chirality of the adsorbed molecules is fixed during diffusion
and monolayer growth. The influence of molecular chirality
for oligothiophene thin-film growth will be experimentally
demonstrated here; a thin-film concept which is absent in the
three-dimensional �3D� bulk structure. Chirality at surfaces
has been discussed largely in the context of heterogeneous
enantioselective catalysts with applications in the chemical
and pharmaceutical industries �see, e.g., Ref. 23�. But addi-
tionally the optical properties are expected to be different for
domains of opposite chirality and to lead, e.g., to circular
dichroism.24

II. EXPERIMENTAL DETAILS

The measurements were performed in a two-chamber
UHV system with a base pressure of about 10−10 mbar. The
analysis chamber is equipped with diagnostics for XPS
�CSA300, Omicron Nanotechnology�, LEED, SEM, and
room-temperature AFM/STM �Omicron Nanotechnology�.
For the STM measurements tips etched from 0.2 mm tung-
sten wire were used. For calibration of the STM piezoele-
ments, imaging of Si�100�-�2�1� and Au�111� samples with
atomic resolution was used. The preparation chamber is
equipped with Ar+ ion sputtering and heating facilities as
well as a homebuilt Knudsen cell operating at about 500 K
for sublimation of the 6T molecules. The Au�111� surface
was prepared by cycles of subsequent Ar+ ion sputtering and
annealing to 620 K. Sample cleanliness and long-range order
was verified by XPS, LEED, and STM.

Thin films of 6T molecules, purchased from Syncom,
were sublimated without further cleaning processes. Typical
growth rates for adsorption on the Au�111� of 0.2 monolayer
�ML� per minute were used with the sample at room tem-
perature.

III. RESULTS

STM images of the bare and the �-sexithiophene �6T�
covered Au�111� surfaces are shown in Fig. 2. The STM
image of the clean Au�111� surface, Fig. 2�a�, exhibits the
well-known herringbone reconstruction on two different
�111� terraces which consists of stripes running dominantly

along the three equivalent �112̄� high symmetry directions.
Figure 2�b� displays the bare surface on an enlarged scale
which allows for atomic resolution of the �22��3�
reconstruction.25–28 The two vertical areas which appear
lighter in Fig. 2�b� correspond to surface Au atoms occupy-
ing bridge sites and can be distinguished from darker fcc and
hcp regions.

Upon 6T adsorption at room temperature, large scale
STM images as shown in Fig. 2�c� demonstrate that the her-

ringbone reconstruction is still present and is superimposed
on the monolayer structure of the 6T molecular film. The
region marked by a black square in Fig. 2�c� is enlarged in
Fig. 2�d�. Well-ordered rows of 6T molecules can be identi-
fied in Fig. 2�d�. These rows are oriented along a direction
characterized by a small but finite angle with respect to the

�112̄� high symmetry direction. The latter is visible in the
STM images via the Au�111� herringbone reconstruction. At
substrate steps, 6T molecules are found which are preferen-
tially oriented parallel to the substrate step edges as seen in
Fig. 2�c�. High-resolution images, as in Fig. 2�e�, show that
individual molecules within large domains can be imaged as
a rodlike structure with an internal corrugation with six
maxima. We assign the internal structure to the six thiophene
rings within each molecule. The molecules are oriented
nearly perpendicular to the row direction. Adjacent rows are
shifted with respect to each other in the row direction. This
leads to a periodic structure with a nonrectangular unit cell
with one molecule per unit cell as indicated in Fig. 2�e�.
Here, the long 6T molecular axis is rotated against the long
unit cell axis and exactly perpendicular to the short unit cell
axis.

To analyze the internal 6T ring structure for molecules in
adjacent rows, an averaged line profile across seven rows of

FIG. 2. �Color online� STM images of the Au�111� surface be-
fore and after adsorption of �-sexithiophene �6T� at room tempera-
ture: �a� Bare Au�111� �60�60 nm2, −0.8 V, 1.0 nA�; �b� enlarged
region of �a� �6.5�6.5 nm2�; �c� monolayer of 6T adsorbed on
Au�111� �100�100 nm2, −1.5 V, 0.3 nA�; �d� enlarged region of
�c� �38�38 nm2�; �e� monolayer structure with submolecular reso-
lution �10�10 nm2, −0.18 V, 0.6 nA�.
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6T molecules is shown in Fig. 3�b�. The profile corresponds
to the line sketched in Fig. 3�a�. The line profile shows a
distinct structure which is repeated periodically. The period
of about 2.6 nm corresponds to the width of a single molecu-
lar row and approximately to the length of the 6T molecule.
Its internal structure �see also Fig. 3�c�� exhibits six equidis-
tant features of alternating apparent height. We assign these
features to the thiophene rings with alternating sulfur orien-
tation. The identical sequence of sulfur orientations in all
molecules along the line profile in Fig. 3�b� is a clear evi-
dence for the presence of a homochiral domain in Fig. 3�a�:
identical orientation and chirality of molecules within rows
and in adjacent rows. The lower trace in Fig. 3�c� shows a
similar line scan �see below� on an enlarged scale. The posi-
tions of the alternately oriented thiophene rings within one
molecule are marked by bars. Figure 4 displays an STM
image of the 6T monolayer on a large terrace where two
nonequivalent domains are visible. It was prepared and im-
aged under similar conditions as in Figs. 2�c�–2�e�. The
boundary region between both domains, labeled domain 1
and domain 2 in Fig. 4, is shown on an enlarged scale in the
inset. The molecular rows within the different domains are
oriented with an angle � of about 14° in between. With re-

spect to the �112̄� direction the molecular rows are rotated by
+� /2 and −� /2, respectively. At the domain boundary differ-
ently oriented and also disordered molecules are found �inset
of Fig. 4�. Furthermore the fuzzy appearance of some of the
molecules at the domain boundaries can be interpreted as
enhanced molecular diffusion there. The different line pro-
files across one molecular row in domains 1 and 2 are shown
in Fig. 3�c� as upper and lower trace, respectively. The pro-
files were evaluated along the lines indicated by arrows in
the inset of Fig. 4 and are perpendicularly averaged over 9
and 10 molecules. The upper trace in Fig. 3�c� corresponds
to the upper domain in the inset of Fig. 4 and vice versa.
Both line scans show internal structures as discussed before
which are consistent with three higher and three lower
maxima. The lower trace in Fig. 3�c� closely corresponds to
the trace in Fig. 3�b�, whereas the upper trace has the alter-
nate sequence of higher and lower maxima. Note that both
line scans in Fig. 3�c� closely match if the line scans are

mirrored at the center position of the 6T molecule. We there-
fore interpret the line profiles in Fig. 3�c� as fingerprints of
left- and right-handed molecules. This observation proves
that domains 1 and 2 in Fig. 4 are formed by molecules of
opposite chirality.

To analyze the long-range order and to facilitate the inter-
pretation of LEED data, the Fourier transform of the two-
domain structure of Fig. 4 is shown in Fig. 5�a�. In reciprocal
space a complementary row structure is found which exhibits
again the angle � between the two domains as indicated in
Fig. 5�a�. Based on the oblique unit cell discussed above, the
positions of possible LEED spots have been calculated. The
right-hand side of Fig. 5�b� displays the expected diffraction
�LEED� pattern for the two domain structures of Fig. 4 as
open and filled circles, respectively. In general, the threefold
symmetry of the Au�111� substrate results in three equivalent

FIG. 3. �Color online� �a� STM image of one homochiral 6T
domain on Au�111� �30�30 nm2, −0.21 V, 0.3 nA�. �b� Line pro-
file across seven molecular rows as marked in �a� indicating alter-
nating apparent heights of the thiophene subunits within each mol-
ecule. �c� Enlarged line profile along single molecules within the
two different homochiral domains as marked in the inset of Fig. 4.

FIG. 4. �Color online� STM image of a �-sexithiophene mono-
layer on Au�111�. Two nonequivalent domains are indicated �31
�40 nm2, −0.2 V, 0.5 nA�. The inset displays the domain bound-
ary on an enlarged scale �13�13 nm2, −0.21 V, 0.3 nA�.

FIG. 5. �Color online� �a� Fourier transformation of the STM
data of Fig. 4 and �b� calculated LEED pattern for two nonequiva-
lent domains and for all six possible domains due to the threefold
symmetry of the Au�111� substrate on the right-hand and left-hand
sides, respectively.
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domains each. This leads to six different 6T domains in total
which were all observed by STM �not shown here�. The
corresponding full reciprocal structure is sketched on the
left-hand side of Fig. 5�b�. Note that not all possible recip-
rocal spots will be present in the real LEED structure since
several spots will have vanishing intensity due to the unit
cell contents, namely the structure factor. The LEED pattern
for the 6T monolayer on Au�111� at an electron energy of
20 eV is displayed in Fig. 6�a�. Figure 6�b� shows an en-
largement of the lower left-hand part of the LEED pattern for
an electron energy of 13 eV together with the calculated re-
ciprocal spot positions, Fig. 6�c�. As expected not all pos-
sible spots are present in the LEED pattern which is domi-

nated by the �10� and �11̄� spots of the molecular
superstructure. The �0 n� spots are generally weak and ab-
sent for certain electron energies. Such an energy �13 eV�
has been chosen for the measurement of Fig. 6�b� so that
mainly the �1 n� spots of four different domains are visible in
the enlarged section of Fig. 6�b�. The detailed analysis of the
distances between different LEED spots allows determina-
tion of the unit cell parameters more accurately than the
analysis of STM images. Especially the relative distance be-
tween adjacent spots of different domains as, e.g., the �1 2�
spot of domain 2 and the �14̄� spot of domain 1 as indicated
in Figs. 6�b� and 6�c�, allows high accuracy and reduces the
influence of long range LEED screen distortions. This analy-
sis of the 6T monolayer LEED data results in a unit cell
which is described by a real space lattice vector a in row
direction of 0.61 ±0.06 nm length oriented 7.0° ±0.5° off the

�112̄� direction. The second primitive unit cell vector b

which is nearly perpendicular to the molecular rows has a
length of 2.5 ±0.2 nm with an angle of 106.3° ±0.5° with

respect to the �112̄� direction. The deviation of the orienta-
tion vector a+b from 90° is small, but clearly visible in the
separation of the �10� LEED spots of two mirrored domains.
These spots are marked by a circle in Fig. 6�a� for domains 3

and 4. Also the vertical distance of the �12̄� and the �14̄�
spots �marked in Fig. 6�b�� is only possible for an angle
different from 90°. Note that the observed LEED structure is
similar to the structure found for end-capped 6T on Ag�111�
by Soukopp et al.10 Besides the exact superstructure deter-
mination, the observed LEED pattern proves that the ob-
served STM structures as discussed in Fig. 2 are the only
dominant ones.

On highly stepped parts of the surface with narrow �111�
terraces we also frequently found a different 6T structure.
Figure 7 shows a 20�20 nm2 STM image for such situation.
On the narrow terraces shown, rows of only six and seven
molecules are formed. The molecules align preferentially
along the step edges as found similarly for larger terraces.
However, on the narrower terraces the intrarow distance is
strongly enlarged and also the shift between rows is now
significantly less than one-half the intrarow distance. The
resulting unit cell is indicated in Fig. 7. Compared to the
dense monolayer unit cell, the unit cell vector b is approxi-
mately unchanged �2.4 nm�, but the molecular intrarow dis-
tance is enlarged from 0.61 to about 1.0 nm. Alternatively, a
structure with alternating upstanding and flat-lying mol-
ecules as found for the second layer of quaterrylene on
Au�111� �Ref. 29� cannot be ruled out completely. Addition-
ally the stacking of the molecules into rows shows some
variations, mainly the sign of the row-to-row shift can
change which leads to small angle rotation of the row direc-

tion. The different row orientations with respect to the �112̄�
direction are indicated by arrows in Fig. 7. Note that the

FIG. 6. �Color online� LEED pattern of a 6T monolayer on
Au�111� at 20.0 eV �a�. Enlargement of the lower right-hand section
of the LEED pattern at 13.3 eV �b�. Only four domains dominate in
this section. �c� Calculated LEED pattern with four domains. The
LEED spot order with respect to the reciprocal overlayer unit cell of
the different rotational domains is indicated. The subscripts label
the domains.

FIG. 7. �Color online� STM image of ordered molecules with
enlarged unit cell found on narrower Au�111� terraces. The orienta-
tion of different stacks of 6T molecules are indicated by short ar-
rows �20�20 nm2, −0.19 V, 0.96 nA�.
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structures found on narrow terraces here are different from
the structures reported for 6T adsorption on vicinal Au�111�
surfaces by Mäkinen et al.17 However, here the narrow-
terrace structures are only a minority species which was not
observed by LEED.

IV. DISCUSSION

The combination of STM and LEED reveals a dominant
6T monolayer structure with one molecule per unit cell form-
ing six different long-range ordered domains. The detailed
analysis of the LEED spots, especially between adjacent
spots of different domains, leads to an incommensurate
structure which can be approximately described in matrix
notation with respect to the unreconstructed Au�111� sub-
strate by

� 2.4 1.5

− 2.8 6.8
�

and its mirror image. Note that we follow the convention of
Barlow and Raval for the choice of unit cell vectors.23 The
periodic structure corresponds to a dense molecular packing
with 0.67 molecules/nm2. This structure is planar and differ-
ent from any bulk lattice plane of a 6T single crystal.4,5 Al-
though in 6T single crystals all molecules are strongly planar
and in all-trans conformation, there are two molecules per
unit cell which are tilted against each other to form a her-
ringbone packing common to many planar organic
molecules.5 The structure reported in our work is of about
20% higher density as compared to a monolayer of end-
capped 6T on Ag�111� where an adsorbate density of
0.52 molecules/nm2 has been reported.10 However, this
might be well induced by the large end-groups of end-capped
6T which affect the lattice structure. To our knowledge, there
are no monolayer unit cell data for 6T adsorption on any
other flat metal surfaces available for comparison. The im-
portant question of what drives the molecular structure
within the monolayer needs to be discussed further: The in-
termolecular forces �e.g., the van der Waals attraction and the
Pauli repulsion� determine the bulk 6T crystal structure and
are expected to determine the structure of thin molecular
films, too. However, the first monolayer on metallic as well
as on dielectric substrates is strongly influenced by the
molecule-substrate interaction which might be physisorption
or weak � interaction. For large planar organic molecules on
close-packed metal substrates, as on Au�111�, this often re-
sults in monolayers of flat-lying coplanar molecules—
structures which are absent in the respective bulk crystals.
Additionally the monolayer-substrate interaction results in a
well-defined orientation of long-range ordered domains as
will be discussed below. In our case the monolayer-substrate
interaction seems to be only weakly site-specific based on
the observed incommensurability of the monolayer.

In the following we demonstrate that many aspects of the
monolayer structure can be widely explained by the intermo-
lecular interactions in the monolayer and the two-
dimensional shape �van der Waals contour� of the flat-lying
molecules. The resulting structure will be different from any
plane of a 6T single crystal, mainly because the molecule-

substrate interaction strongly favors completely coplanar
structures. For the discussion we assume a rather rigid all-
trans molecular structure as is found experimentally by high-
resolution STM images �see Fig. 2�e�� with a fixed shape of
the molecules as sketched in Fig. 1�c�. Possible two-
dimensional �2D� close-packing structures are illustrated in
Figs. 8�a�, 8�d�, and 8�e�, for rows of homochiral molecules.
The parallel stacking of the molecules into rows optimizes
the close packing as well as the van der Waals attraction
between the molecules as depicted in Fig. 8�a�. The two rect-
angular regions outlined in Fig. 8�a� are enlarged in Figs.
8�b� and 8�c�. Figure 8�c� shows how the different sides of
the thiophene rings of adjacent molecules can gear into each
other. At this point an equivalent close packing between two
molecules of different chirality could be also possible. How-
ever, this would imply that both molecules are shifted by one
thiophene ring with respect to each other. Since this would
decrease the length of contact �number of thiophene rings�
and would also decrease the packing density, it is less fa-
vored unless another mechanism, e.g., a strong molecule-
substrate interaction, gains energy by such a molecular shift.

FIG. 8. �Color online� Schematic model of the arrangement
within a 6T monolayer: Structure of a homochiral domain �a�; the
marked rectangular areas are enlarged in �b� and �c�. Structure for a
homochiral domain of opposite chirality �d� and for rows of alter-
nating chirality �e�. The insets show enlargements of the marked
areas.
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We hypothesize that the optimization of the contact length
between neighboring molecules defines largely the structure
as this is related to the configuration with the highest total
van der Waals attraction. Therefore the attraction between
two molecules leads to a chiral homorecognition. The same
argument of close packing holds for the interaction between
adjacent molecular rows as is illustrated in the enlargement
in Fig. 8�b� for the case of rows of homochiral molecules.
The attractive interaction between adjacent rows is optimized
by a small translation in row direction for adjacent rows. It
allows that the ends of the molecules of one row slide into
the space between the molecules of the adjacent row. Note
that the model shown in Fig. 8 is based on the experimen-
tally determined dimensions of the monolayer unit cell. It
can be seen that the contact between adjacent homochiral
rows is optimized by this procedure which nicely explains
the experimentally found row-to-row distance, shift, and the
resulting nonrectangular unit cell. As can be seen from the
details in Figs. 8�b� and 8�c�, the asymmetric structure of the
thiophene ring allows a rather compact structure also be-
tween the molecular rows. This discussion illustrates that the
experimentally found homochirality within a single domain
can be understood as chiral homorecognition during growth
of the monolayer.

The close packing within a homochiral domain of identi-
cal unit cell but with molecules of opposite chirality as com-
pared to Fig. 8�a� is illustrated in Fig. 8�d�. Whereas the
intrarow interactions are unchanged, the interrow interaction
strongly unfavors this structure. This is seen best in the en-
larged inset in Fig. 8�d�. The comparison of the structures
shown in Figs. 8�a� and 8�d� demonstrates that the specific
form of the unit cell defines the specific chirality of the mol-
ecules in this domain and vice versa. All molecules with
opposite chirality will arrange only in the structure with mir-
rored unit cell as found experimentally and discussed in Figs.
4 and 3�c�. Such a coupling of the specific point and organi-
zational chirality has been observed also for other adsorption
systems.30

Finally, the situation for molecular rows with alternating
row-to-row chirality is illustrated in Fig. 8�e�. Again the
badly matching contours—as is seen in the inset of Fig.
8�e�—in comparison to the favored situation shown in Fig.
8�b� rules out such a structure of heterochiral molecules. Ex-
perimentally the identical line profiles discussed in Fig. 3�b�
rule out this structure. Note that the situation shown in Fig.
8�e� corresponds to a doubled unit cell with two molecules.
However, the corresponding additional half-order superstruc-
ture LEED spots were not observed experimentally.

In summary, the consequently close-packed arrangement
for the given unit cell structure nicely explains the occur-
rence of large homochiral domains and the absence of het-
erochiral structures. The mirror �and symmetry nonequiva-
lent� domain corresponds to the arrangement of molecules of
the opposite chirality as observed by STM and LEED. Its
structure is equivalent to the mirror plane image with respect

to the �112̄� high-symmetry direction.
Note that the 6T molecule is prochiral in the gas phase

and only upon adsorption the flat-lying molecules separate
into equal fractions of right-handed and left-handed species.

Initial adsorption leads to a racemic mixture and the surface
possesses no overall chirality. The chiral separation into
larger domains requires therefore the transport of molecules.
This might explain that on narrow terraces where transport is
quasi-one-dimensional as in Fig. 7, the separation is more
difficult and structures of molecules with different chirality
are found.

Based on the assumptions of close packing and the spe-
cific shape of the molecule, the details of the monolayer
structure and its chiral separation can be rationalized. How-
ever, the molecule-substrate interaction must be responsible
for the orientation of the incommensurate monolayer with
respect to the substrate: Here a well-defined angle of +7° or

−7° between the molecular rows and the �112̄� direction is
experimentally observed depending on the chirality of the
molecular domains. This implies that neither the primitive
unit cell vectors nor the orientation of the molecules are
aligned with any Au�111� high-symmetry direction. In the
following we show that the orientation can be understood
based on a line-on-line monolayer growth on Au�111�. As
has been discussed previously, the point-on-line and the line-
on-line alignments allow for incommensurate structures in
real space which are however “commensurate” or “higher-
order commensurate” in reciprocal space, respectively.31 The
coinciding Fourier components of the interaction potential
can define a local minimum in the potential energy, although
the structure needs not to be commensurate in real space. For

the 6T monolayer on Au�111�, the �1,10̄� and the �1, 1̄� re-
ciprocal lattice points �Bragg planes� of the organic adlayer
and the substrate, respectively, coincide. This is illustrated in
Fig. 9 which shows the orientation of the organic monolayer
with respect to the Au�111� substrate. In the upper left-hand

part of Fig. 9 the substrate �1,10̄� lattice planes are indicated

by solid lines. For the organic layer the �1,10̄� lattice planes
with respect to the 6T unit cell are shown as solid lines. Both

sets of parallel lines in Fig. 9 illustrate that the Au �1, 1̄� and

the 6T �1,10̄� Bragg planes coincide. This coincidence is the
reason for the rotational orientation of the organic layer.
Since the orientation determination is based on LEED data
and since no atomic resolution of the Au�111� substrate has

FIG. 9. �Color online� Schematic model of the 6T monolayer.

The line-on-line arrangement of the Au first layer �11̄� and the 6T

�110̄� Bragg planes are emphasized by solid lines. The latter is a
adlayer reciprocal lattice point for which all sulfur atoms contribute
in phase.
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been achieved in the presence of rows of molecules, the po-
sition of the adlayer with respect to a rigid shift in the sub-

strate �112̄� direction is not defined yet.
Although it is speculative to explain the experimentally

found orientation of the monolayer without detailed calcula-
tions of the molecule-substrate interactions, we point out that

the positions of all sulfur atoms are located on the �1,10̄�
lattice planes. This is clearly visible in Fig. 9 where all sulfur

atoms which fall on one �1,10̄� lattice line are indicated. It
can be seen that the alignment of the sulfur atoms proceeds
perfectly from row to row. The physical origin of the under-
lying interaction might be a rather local sulfur-Au�111� inter-
action or, more likely, the specific interaction of the 6T va-
lence �-orbitals with the gold layer underneath. The valence
�-orbitals with quinoid character have an enhanced pz-like
electron density at the sulfur sites32 and might be the origin
for the remaining site specificity. Further support for such a
molecular site-specific substrate interaction comes from a re-
lated system: For end-capped quarterthiophene on Ag�111� a
stretching of the internal C-S bonds together with a small
distortion of the thiophene rings has been found by surface
x-ray diffraction.13,33 In this commensurate adsorption sys-
tem the positions of the thiophene S atoms are close to on
top.13 For the incommensurate 6T monolayer on Au�111� one
might expect therefore S positions along the close-packed Au
rows, shifting between on-top and bridge positions.

An additional aspect which needs further discussion is the
herringbone reconstruction of the top metal layer which is
still present upon 6T monolayer adsorption as has been seen
in Figs. 2�c� and 10�a�. On the bare Au�111� surface shown
in Figs. 2�a� and 2�b�, surface stress leads to the well-known
�22� �3� superstructure with a compression in the top layer
of 4.4%.26,27 The reconstruction of the bare surface can be
described by a stacking-fault-domain model involving peri-
odic transitions from fcc to hcp stacking of the top-layer Au
atoms.28 This leads to a practically uniform contraction in the
surface layer which relaxes the intrinsic tensile stress by
22%.34 Adsorption of a 6T monolayer will modify the
Au�111� electronic structure and will alter the surface stress
accordingly. In fact we observe that the long-range herring-

bone reconstruction is preserved upon 6T adsorption but with
slightly modified periodicity. STM images on large 6T
monolayer domains as in Fig. 10�a� indicate that the distance
between the soliton-type domain walls is enlarged upon 6T
monolayer adsorption. The lower and the upper trace in Fig.
10�b� show the line profiles across the herringbone recon-
struction for the bare and the 6T covered Au�111� surface
�averaged perpendicularly as indicated in Fig. 10�a��. The
positions of the domain walls are clearly visible as maxima
in the line profiles. The superstructure periodicity is changed
from a width of 22 Au-Au next-neighbor distances for the
clean surface to about 24 lattice constants upon 6T adsorp-
tion at room temperature. This corresponds to a reduction
of the top most Au layer compression from 4.4% for the bare
Au surface to 4.2% upon 6T adsorption. Indications of
similar modifications of the Au�111� herringbone reconstruc-
tion have been reported earlier for C60, hexa-peri-
hexabenzocoronene �HBC�, and perylenetetracarboxylic-
dianhydrid �PTCDA� adsorption.35–37 Note that on Au�111�
upon 6T adsorption the different lengths of the straight re-
construction segments between 120° rotations �as seen in
Figs. 2�c� and 10�a�� might reflect the slightly asymmetric
strain due to the locking with respect to the line-on-line reg-
istry.

V. SUMMARY

Based on LEED and STM measurements the monolayer
structure of �-sexithiophene on Au�111� has been deter-
mined: Thermally sublimated 6T molecules adsorb in a flat-
lying geometry with all-trans conformation of the thiophene
rings. Upon adsorption at 300 K, they are separated into
right- and left-handed molecules. Large homochiral domains
of both handiness’ are found. The observed chiral separation
within the monolayer might be used as a template for subse-
quent enantiomeric selective growth of thin films. The mono-
layer structure with one molecule per unit cell consists of
molecular rows oriented +7° �or −7°� off the three equivalent

�112̄� high-symmetry directions. The domains are incom-
mensurate with respect to the Au�111� substrate. The unit cell
structure and the chiral homorecognition during domain
growth can be rationalized based on the shape of the 6T
molecule and the molecule-molecule interactions within the

adlayer. A line-on-line arrangement where the �1, 1̄� Bragg

planes of the first layer Au atoms coincide with the �1,10̄�
Bragg planes of the molecular monolayer, defines the orien-
tation of the domains. Additionally the Au�111� herringbone
reconstruction is relaxed upon 6T adsorption to a first Au
layer compression of 4.2%.
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FIG. 10. �Color online� �a� STM image of an 6T monolayer on
Au�111� �45�40 nm2, −0.2 V, 0.65 nA�. �b� Line profile across the
herringbone reconstruction in the presence of the 6T monolayer
�upper trace� and for the bare Au�111� surface �lower trace�. The
line profile is indicated in �a� and averages perpendicular to the
profile direction as indicated by bars.
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