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Azobenzene derivatives form a unique class of photoactive molecules that have the potential for nanoscale
optical applications. We have observed the self-assembly behavior of azobenzene molecules adsorbed to
Aus111d using scanning tunneling microscopysSTMd. We find that azobenzene creates a surprising variety of
surface structures whose commensurability with the underlying Aus111d “herringbone” reconstruction is cov-
erage dependent. Two commensurate molecular chain phases exist in the low-coverage regime, and phase
conversion between these structures can be induced using the STM tip. In the high-coverage regime we
observe incommensurate molecular phases as well as commensurate molecular vacancy ordering. These mo-
lecular structures reflect a coverage-dependent competition between molecule-molecule and molecule-substrate
interactions.
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Engineering the self-assembly and functional characteris-
tics of adsorbed molecules is critical for laying the ground-
work of future nanotechnologies. Progress has been made in
this direction using molecular classes that exhibit polar func-
tional behavior,1–6 chirality,7,8 “spacer leg” groups,9–11 and
different optical properties.12–14Azobenzene is an important
member of this final class because it undergoes a reversible,
photoactivetrans-cisisomerization that may allow it to serve
as an optically active device element.15,16 This simple mol-
ecule consists of two phenyl rings joined by a pair of double-
bonded nitrogen atomsfFig. 1sad insetg. Some attempts have
been made to observe thetrans-cis isomerization of
azobenzene-containing films with scanning tunnel micros-
copy sSTMd,17–19 but none have clearly resolved intramo-
lecular structure, namely the phenyl rings.

In this paper, we resolve the intramolecular structure and
self-assembly behavior of surface-adsorbed azobenzene mol-
ecules. We find that azobenzene molecules deposited onto
Aus111d form a surprising variety of molecular structures
whose commensurability with the periodicity of the underly-
ing Aus111d herringbone surface reconstruction depends on
molecular coverage. At low coverage we observe two com-
mensurate molecular chain phases that can be converted, one
to the other, via manipulation with the STM tip. At saturation
coverage the azobenzene molecules switch to an incommen-
surate configuration comprised of two new phases. Commen-
surability is regained, however, at only slightly lower cover-
ages as molecularvacancies order with the underlying
herringbone reconstruction. This behavior arises from a
coverage-dependent competition between intermolecular and
molecule-substrate interactions for azobenzene on Aus111d.

We performed our measurements using a home-built
variable-temperature UHV STM sbase pressure
,5310−11 Torrd. A clean Aus111d substrate was obtained by
repeated cycles of Ar-ion sputtering and annealing. Azoben-
zene molecules were leaked into the vacuum chamber and
deposited onto the Aus111d substrate at room temperature.
After azobenzene exposure, the sample was transferred to the
STM, which was operated between 35 K and room tempera-
ture. At room temperature, azobenzene molecules diffuse and

are too unstable for STM imaging. At saturation coverage
fone monolayers1 MLdg azobenzene is stable enough for
imaging at 90 K, while lower coverage structuress0.5–0.8
ML d required cooling to 35 K. Tunneling currents were kept
below 100 pA for stable imaging.

Figure 1sad shows a 0.50 ML coverage of azobenzene on
the Aus111d surface. The Aus111d herringbone reconstruction
consists of parallel pairs of slightly elevated surface ridges20

foutlined by the dashed lines in Fig. 1sad, parallel ridges
separated by 6.3 nmg that separate domains of fcc- and hcp-
ordered Au surface atoms. We can distinguish two types of
azobenzene ordering relative to the herringbone reconstruc-
tion. The first, referred to as the “zigzag” phase, consists of
long, zigzagging azobenzene chains that lie predominantly
within the contours of the hcp regions of the herringbone
reconstruction. The second phase, the “straight” phase, con-
sists of straight azobenzene chains that run in the two direc-
tions oriented 120° from the ridges of the herringbone do-
main walls. Parallel straight chains appear to repel each
other, having a minimum separation of 0.5 nm. Straight
chains occasionally cross the herringbone ridges to form ex-
tended domains, as seen in the center of Fig. 1sad. The
straight and zigzag phases alternate over much of the surface,
and coexist even when the sample is cooled slowly from
room temperature down to 35 K over a period of many
hours.

We are able to convert the straight phase into the zigzag
phase by imaging the azobenzene-coated surface at increased
sample biases. This can be seen in Figs. 1sbd and 1scd,
which show conversion from the azobenzene straight phase
to the azobenzene zigzag phase after repeated STM scans.
The straight chain domains of the initial image almost com-
pletely convert into zigzag domains filling both the fcc and
hcp regions of the herringbone reconstruction. The transfor-
mation is irreversible and independent of the scan direction.
The onset voltage for the transformation ranges from
−1.5 to −2.0 V, and varies with changes to the tip apex. Tip-
induced current and electric field perturb the molecules be-
neath the tip, freeing them to diffuse and rearrange. Limited

PHYSICAL REVIEW B 71, 113409s2005d

1098-0121/2005/71s11d/113409s4d/$23.00 ©2005 The American Physical Society113409-1



thermal diffusion at 35 K results in the creation of the locally
disordered zigzag phase.

The internal structure of the molecular chains can be more
clearly seen in Fig. 2sad, which shows a close-up of a straight
phase chain. The chain appears as eight closely spaced pro-
trusions whose center-to-center spacings,0.8 nmd in the
marked directions is similar to the center-to-center spacing
of phenyl rings in crystalline trans-state azobenzene
s0.63 nmd.21 Line scans taken across the chainfFig. 2sbdg
show that the depths of the minima between protrusions
along the long-chain axissA-Bd are 45% greater than along
the short-chain axissC-Dd. This suggests that the protrusions
along the short-chain axis are bonded differently than along
the long-chain axis. We commonly observe chain lengths
change spontaneously during scanning, always with pairs of
protrusions attaching or detaching from the chain endssoften
leading to anodd number of protrusions along the chain
lengthd. Hence, we identify adjacent pairs of protrusions
along the short chain axis to be individual azobenzene mol-
ecules as shown in the Fig. 2sad overlay. Isolated azobenzene
molecules having the same shape as chain members have
been observed at even lower coverages. We note that the
azobenzene “dumbbell” appearance is similar to the related
stilbene molecule that has been observed in films on the
Ag/Ges111d-Î3 surface22 swith a similar center-to-center
lobe distance of,0.76 nmd.

At higher molecular coverages1 MLd, where the Aus111d
surface is saturated with azobenzene, we observe two differ-
ent molecular orderingsfmarked I and II in Fig. 3sadg that are
incommensurate with the herringbone reconstruction. Phase
I, shown more closely in Fig. 3sbd, is a closed-packed struc-
ture where the positions of azobenzene phenyl lobes lie on a
slightly distorted hcp lattice. The closed-packed arrangement
of the phenyl lobes makes it difficult to be certain of the
positions and orientations of individual azobenzene mol-
ecules within the film. The molecular arrangement sketched
in the inset of Fig. 3sbd represents one of many possible
arrangements. Phase II, shown more closely in Fig. 3scd, ar-
ranges the azobenzene molecules in a crisscross fashion.
Phase II has a lower packing fraction than phase I and is

observed less often. Unlike phase I, the positions and orien-
tations of individual azobenzene molecules in phase II are
distinguishablefFig. 3scd insetg.

Commensurability with the herringbone reconstruction is
regained at slightly lower coverages,20% below the phase
I saturation coveraged through an ordered vacancy structure
that extends across the molecular layer. This can be seen in
Fig. 4 where dark vacanciesstypically the size of a single
azobenzene moleculed orient themselves in either of the two

FIG. 1. STM images of 0.50 ML of azobenzene on Aus111d surface acquired at a typical scan bias of −1.25 Vs59359 nm, 50 pA,
35 Kd. The sequence fromsad to scd shows the tip-induced conversion of the straight phase to the zigzag phase induced by scans at an
elevated biass−1.75 Vd. Inset tosad: the structural formula of thetrans form of azobenzene.

FIG. 2. sad Close-up STM image of a short chain of azobenzene
molecules confined to the fcc region of the Aus111d herringbone
surface reconstructions535 nm, −1.25 V, 50 pA, 35 Kd. Proposed
molecular structure indicated by overlaysdotted lines represent hy-
drogenlike bondsd. sbd Cross-sectional topographic line scans along
the directions marked insad.
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directions 120° from the herringbone domain walls. The ori-
ented vacancies form domain structures as outlined in the
Fig. 4 overview image. Close-up images of the vacancy
structure sinsetd show that molecular segments four units
long exist between the ordered vacancies.

The ordering of azobenzene molecules on the Aus111d
surface is determined by the interplay of intermolecular
and molecule-surface interactions. At low coverage, intermo-
lecular interactions, which likely arise from a dipole-dipole
interaction enhanced by hydrogenlike bonds, dominate
short-range order. The hydrogenlike bond is formed between
the unshared electron pair of a nitrogen atom of one azoben-
zene molecule and the net positive hydrogen atoms of
the phenyl ring of another moleculefsee overlay of Fig.
2sadg. Neighboring chains are unable to form these stabiliz-
ing hydrogenlike bonds, and are possibly repelled by the
positive charge distribution around the outer edges of the
azobenzene chainsse.g., such a mechanism was suggested
for 1-nitronaphthalene chains by Bohringeret al.d.3

Molecule-surface interactions are likely van der Waals in
nature and play two roles in the ordering of azobenzene mol-
ecules. First, at larger distance scales, molecule-surface in-
teractions induce the azobenzene chains to order with respect
to the large scale periodicity of the underlying herringbone
surface reconstruction. This commensurability indicates a
weak repulsion between azobenzene molecules and the do-
main boundaries between the fcc and hcp regions of the her-
ringbone reconstructionsthe surface ridgesd. This repulsion
is strong enough to retain molecular commensurability even
after the azobenzene molecules are converted from the
straight phase to the zigzag phase via STM-tip manipulation.
The second way in which the molecule-surface interaction
influences the molecular ordering is in determining the al-
lowed orientations of the straight azobenzene chains.
Straight chains orient only in the three equivalent surface
directions following the sixfold symmetry of the Aus111d hcp
and fcc lattices.

In the high-coverage saturation regime, where molecules
are tightly packed, intermolecular interactions dominate over
molecule-substrate forces, and the resulting phases thus do

not order with the herringbone reconstruction. Surprisingly,
however, the herringbone reconstruction does exert an influ-
ence on the behavior of azobenzene film vacancies. The va-
cancies appear to repel each other and the combination of
mutual repulsion and herringbone surface interaction leads to
the ordered structure. Vacancy repulsion might arise from
electrostatic charge accumulation at the edges of short adja-
cent azobenzene chains, in a mechanism similar to straight
chain repulsion in the low coverage regime.

In conclusion, we have observed a variety of ordered
azobenzene molecular structures whose commensurability
with the underlying Aus111d herringbone reconstruction is
governed by a coverage-dependent competition between in-
termolecular and molecule-surface interactions. In the low
coverage regime, intermolecular interactions determine the

FIG. 3. STM images of the saturation coverages,1 MLd of azobenzene on Aus111d surfaces1.5 V, 25 pA, 90 Kd. sad Large-scale image
s18318 nmd shows coexistence of two incommensurate phases, labeled I and II. The dashed line marks phase boundary.sbd Close-up image
of phase Is636 nmd. Inset: a diagram of a possible phase I molecular arrangement.scd Close-up image of phase IIs636 nmd. Inset: the
diagram of the phase II molecular arrangement with the unit cell marked by white box overlay.

FIG. 4. STM image of 0.8 ML coverage of azobenzene on
Aus111d surfaces58358 nm, 1.0 V, 25 pA, 35 Kd showing ordered
molecular vacanciessdark elongated depressionsd. The domains of
aligned vacancies are separated by boundaries marked with dashed
lines. Inset: close-up images838 nmd of a vacancy domain show-
ing the short-range molecular ordering of four-molecule-long chains
soutlined by the dotted linesd.
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short-range order, leading to the formation of molecular
chain structures. Long-range ordering of the chains, on the
other hand, is dominated by the molecule-surface interaction
and leads to chain orientations commensurate with the her-
ringbone reconstruction. In the saturation coverage regime,
intermolecular interactions determine both short- and
long-range order, leading to molecular arrangements that
are incommensurate with the herringbone reconstruction.
At coverages only slightly below saturation, however,
commensurability is recovered for azobenzene vacancies.

The coverage dependent structures observed here, in addition
to the tip-induced phase conversion behavior, show that
azobenzene molecular self-assembly can be controlled at the
nanoscale.
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