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Using scanning tunneling microscopy (STM), we study the
adsorption of copper-phthalocyanine (CuPc) on the anisotropic
Au(110)-(1 × 2) surface as a function of coverage. For the initial
adsorption at room temperature, we observe CuPc monomers as
well as a molecular chain that forms along the step edge. By STM
manipulation, we reveal that the CuPc adsorption is accompanied
by surface reconstruction from the initial adsorption stage; the
periodicity beneath the monomer and the chain changes locally
from (1 × 2) to (1 × 1) and (1 × 3), respectively. This finding
highlights that the Au atom mobility of the surface plays an
essential role in CuPc adsorption. At higher coverage, we observe
the development of CuPc chains along the ½1�10� direction on the terrace with periodicities of (7 × 5) and (5 × 5), and compare the
obtained results with those from the previous studies by diffraction methods.
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I. INTRODUCTION

π-conjugated organic molecules have received much atten-
tion for their application in inexpensive, flexible, and tunable
organic-based electronic and optoelectronic devices [1, 2].
Metal phthalocyanine (MPc) is a π-conjugated molecule
composed of four pyrrole rings and four benzene rings, and
contains a metal atom at the center of the unit [3]. MPcs are
promising molecules for application in devices such as or-
ganic field-effect transistors (OFETs) and organic light-emit-
ting diodes (OLEDs) because of their charge delocalization,
high electron mobility, and tunability of electric properties
by changing the metal atom [4, 5]. They are often used as
thin films on surfaces for such applications. Thus, the “as-
sembled” molecular structure is considered significant be-
cause the structure affects the electronic properties through
some factors, such as the energy-level alignment, hybrid-
ization, and the formation of the electronic band structure
from molecular orbitals. Owing to the rigid and planar struc-
ture of MPc with a high symmetry (D4h), the molecules can
form a periodic structure on many kinds of surfaces, and the
correlation between the structure and electronic properties

has been investigated [6, 7]. Notably, a long-range ordered
assembly of MPcs can be produced using an anisotropic
(patterned) substrate like a face-centered-cubic (110) surface
[7]. Au(110) is typical for such a surface; a clean Au(110)
surface displays a (1 × 2) reconstruction, where every second
atomic row along ½1�10� lacks and forms a well-patterned
trough across the [001] direction (called the “missing row
structure”) [8]. The adsorption structure of MPc on Au(110)-
(1 × 2) has been extensively studied for MnPc [9, 10], FePc
[11–16], CoPc [11, 16], CuPc [16–21], and H2Pc [22, 23],
mainly by low-energy electron diffraction (LEED) and STM.
In the previous study, it has been revealed that MPcs form a
well-ordered one-dimensional “chain” structure along the
½1�10� direction on Au(110), which implies that the anisotro-
py of the substrate has a significant effect on the assembled
structure.
It has been well-known that the formation of the MPc

chain is usually accompanied by the reconstruction of the
Au(110)-(1 × 2) surface. For example, studies by LEED and
helium atom scattering (HAS) showed that as the CuPc
deposition increases, the diffraction spots due to (1 × 2) Au
rows disappear. Instead, spots from higher-order periodicities
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(×5, ×7, and ×3) appear along the [001] direction [17–19].
These studies indicate that large-scale Au row reconstruction
contributes to chain formation. However, microscopic infor-
mation about the adsorption process, which is essential for
understanding the mechanism of the chain formation, re-
mains lacking. Hence, local observation of the surface from
the initial adsorption stage is necessary for further investiga-
tion. In addition, real-space observation studies of CuPc on
surfaces are scarce [24], compared with those of other MPc
molecules [10, 13–16, 22–24], which has hampered the
understanding of CuPc adsorption.
In this study, we used STM to investigate the CuPc

adsorption on Au(110)-(1 × 2), from the initial (monomeric)
adsorption to chain formation. We employed an STM manip-
ulation technique [25], which enabled us to move CuPc
molecules and facilitate evaluation of the local structure at
CuPc/Au(110) interface. We found that surface reconstruc-
tion commences under CuPc even at the initial adsorption
stage, i.e., monomeric adsorption. In addition, we identified
two CuPc chains on Au(110) that developed at higher cover-
age, confirmed the reconstruction of the substrate, and ex-
plained the correlation between the structure in real space and
those in previous studies by diffraction methods.

II. EXPERIMENTAL

All experiments were conducted in an ultrahigh vacuum
(UHV) chamber equipped with STM (USM1200, Unisoku)
at 4.5K or 80K. The single crystalline Au(110) surface was
cleaned by repeated cycles of argon ion sputtering and
annealing. The clean Au(110) surface exhibited the well-
known missing-row reconstruction [8], and the (1 × 2)
atomic-row structure was routinely observed in the STM
images as straight lines running along the ½1�10� direction.
CuPc molecules were deposited onto the room-temperature
clean Au(110) surface by heating the crucible to 610K. The
coverage was controlled by the deposition time. The STM
images were acquired in the constant current mode with an
electrochemically etched tungsten tip as a probe. The STM
images in this paper were slightly Gaussian-filtered to re-
move noise. We manipulated the CuPc molecule by STM as
follows: we fixed the tip on the molecule, decreased the tip-
molecule distance with the feedback loop open, and finally
scanned the tip in a specific direction. We usually observed a
current jump while decreasing the tip-molecule distance,
which corresponded to molecular junction formation and
was necessary for the manipulation [26–28].

III. RESULTS AND DISCUSSION

A. Initial adsorption of CuPc on Au(110)-
(1 × 2)

Figure 1(a) shows a typical STM image of Au(110)-
(1 × 2), onto which CuPc was deposited for 5min. After
the deposition, the sample was cooled to 80K in approxi-
mately 30min. The molecules were classified into three

types: two types of monomers [denoted as A and B in
Figure 1(a)] and a chain [indicated in the upper right
image in Figure 1(a)]. A–CuPc and B–CuPc show two and
four different but equivalent configurations, respectively
[Figure 1(b, c)], which reflects the C2v symmetry of the
Au(110) surface. A–CuPc is imaged as a four-lobed leaf,
which is in line with previous observations of the CuPc
monomer on other surfaces, and mainly reflects the frontier
orbitals (2eg and 1au) localized in the organic ligand. On the
other hand, B–CuPc shows four protrusions with different
apparent heights. This suggests that B–CuPc adsorbs in a
tilted manner, whereas A–CuPc is parallel to the surface.
In order to reveal the correlation between the STM images

and the adsorption structure of CuPc, we investigated the
interface below monomers (A, B) and chain by STM manip-
ulation. Figures 2(a, b) show the sequential STM images of
A–CuPc before and after STM manipulation along the yellow
arrows, respectively. The trough where A–CuPc was origi-
nally placed appears “bright” in Figure 2(b). Figure 2(c, d)
shows the STM manipulation process for B–CuPc. Contrary
to A–CuPc, the site where B–CuPc was adsorbed appears
“dark” [Figure 2(d)], indicating that the atomic row is partial-
ly lacking underneath B–CuPc. These results suggest that the
Au(110)-(1 × 2) surface is reconstructed below the mole-
cules.
Next, we obtained atomic-resolution STM images for the

“bright” and “dark” regions, where the molecules adsorbed

Figure 1: (a) Typical STM image of the Au(110)-(1 × 2) surface
under initial exposure to CuPc vapor. The straight lines along ½1�10�
are the missing rows of Au. Two types of monomers (denoted as A
and B) and CuPc chains are observed. (b) Two equivalent orienta-
tions of A–CuPc. (c) Four orientations of B–CuPc. The angles
between ½1�10� and the diagonal line of CuPc were 60° and 69°
for A–CuPc and B–CuPc, respectively. The images were obtained at
Vs = 200mV and I = 1 nA.
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[Figure 2(e, f )]. The atomic-resolution images were obtained
at much lower junction resistance (Vs = 10mV and I = 1 nA).
The STM image of the “bright” region [Figure 2(e)] shows
four protrusions, likely derived from Au adatoms, which
form (1 × 1) structures together with the atoms of the nearby
rows. This observation indicates that the (1 × 2) structure is
lifted to the (1 × 1) structure by A–CuPc adsorption. We
schematically illustrate the adsorption structure for A–CuPc
in Figure 2(g), where the trough is locally filled with four
Au adatoms, onto which the molecule adsorbs. Note that
the number of Au adatoms was typically four but distri-
buted between two to six, as we reported previously [25].
Figure 2(f ) shows the atomic-resolution STM image of the
“dark” area. Two rows are faintly visible in the “dark” area,
and the distance between them is ~b (b ¼ ffiffiffi

2
p

a ¼ 0:41 nm,
a = 0.29 nm), which corresponds to the (1 × 1) rows distance
along [001]. Hence, we suggest that the two rows are derived
from the second layer of Au(110)-(1 × 2), and were observed
due to the partial removal of Au atoms from the first layer.
Thus, it follows that the substrate underneath B–CuPc also
changed to a (1 × 1) structure, as illustrated in Figure 2(h).
We suppose that B–CuPc partially fits into the (1 × 1) area
[Figure 2(h)], which is likely responsible for the apparent-
height difference of the four protrusions in the STM images.
Figure 3(a) shows an enlarged STM image of the CuPc

chain along the step edge. Each molecule was imaged as a
pair of bright protrusions with two smaller protrusions, as
illustrated by the red circles in Figure 3(a). The diagonal line
of CuPc was slightly offset from the [001] direction (~±10°).
We also employed molecular manipulation to examine the
interface below the chain, as shown in Figure 3(a–c). The
distance between the atomic rows underneath the chain is
more extended than 2b. We extracted the line profile in the
½00�1� direction [along the red line in Figure 3(c)], which is
shown as a red curve in Figure 3(d). The profile shows
oscillation from the atomic rows, where the peak-to-peak

distances are equal to 2b. In contrast, the interval below
the chain is equal to 3b. This indicates that the distance
between the Au rows along [001] changes from 2b to
3b below the chain, which is illustrated on the top of
Figure 3(d). The possible reconstruction process is schemati-
cally depicted in Figure 3(e). The top of Figure 3(e) shows
the Au(110)-(1 × 2) surface structure near the step before
CuPc adsorption. When the molecule adsorbs, the outermost
Au row, which is the closest to the step edge, moves in the
½00�1� direction. Consequently, the (1 × 3) structure is locally
formed, as shown in the bottom of Figure 3(e), and the
molecules adsorb onto there. We will refer to this chain
structure as “α chain” hereafter. Note that similar chains on
the Au(110) terrace have been observed for MnPc [10] and
H2Pc [22, 23] using STM. We found that α CuPc chains are
formed preferentially at the step edge. This probably origi-
nates from the mobility of Au atoms near the step edge.
The results presented here indicate that surface reconstruc-

tion occurs from the initial CuPc adsorption stage. We as-
sume that such a surface reconstruction is inherent in the
system of π-conjugated planar molecules (e.g., CuPc) on
“corrugated” surfaces [e.g., Au(110)-(1 × 2)]; the molecule
binds to the surface via the electronic coupling between the
organic ligand (isoindole rings) and substrate [7, 25, 29].
Therefore, the molecule maximizes the contact area, i.e., the
overlap between the molecular orbitals and surface electronic
states. The (1 × 1) structure has a larger contact area than the
(1 × 2) structure for flat molecules, and as shown in Ref. 22,
the formation of the (1 × 3) structure also promotes hybrid-
ization between molecular orbitals and surface states. In
addition, a DFT calculation study reported that the surface
energy is very close from Au(110)-(1 × 1) to Au(110)-(1 × 6)
with an energy minimum for Au(110)-(1 × 3) [30]. These are
plausible reasons as to why CuPc adsorption readily induces
the reconstruction of Au(110). The “adsorption with recon-
struction” described above is primarily due to the facile

Figure 2: (a–d) STM manipulation processes for the CuPc monomer. By the manipulation of (a) A–CuPc [(c) B–CuPc], the molecule left a
“bright” [“dark”] site under the molecule, as shown in (b) [(d)]. The atomic-resolution images (e, f ) reveal that the “bright” area consists of four
Au adatoms, whereas the “dark” area is devoid of Au atoms. The rectangle represents the Au(110)-(1 × 2) unit cell (a = 0.29 nm, b = 0.41 nm) (g,
h) Schematics of A–CuPc and B–CuPc on the locally reconstructed Au(110) surface. The images were obtained at (a–d) Vs = 200mV and
I = 1 nA and (e, f ) Vs = 10mV and I = 1 nA.
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mobility of Au atoms on Au(110) surface. Similar phenom-
ena have been reported in other organic molecules/coinage
metal systems [31, 32]. We confirmed that the reconstruction
was suppressed when the surface was exposed to CuPc at
low temperatures (~100K). This implies that the adsorption
process accompanied by reconstruction is thermally activated
and thus kinetically controlled.

B. Development of CuPc chain on Au(110)-
(1 × 2)

Figure 4(a) shows the STM image of Au(110)-(1 × 2)
exposed to CuPc vapor for 7min. Various structures, e.g.,
chains composed of A–CuPc and B–CuPc, are observed with
increasing deposition time. We found that after the sample
was kept at room temperature (RT), the molecules were
activated thermally to form ordered structure. Figure 4(b)
shows the STM image of Au(110)-(1 × 2) exposed to CuPc
vapor for 5min and kept at RT for 14 h. We can see that α
chains also develop on the Au(110) terrace and instead, the
monomers disappear, indicating that the α chain is thermally
more stable than the monomers.
Figure 4(c) shows the STM image of Au(110)-(1 × 2)

exposed to CuPc vapor for 10min and kept at RT for 5 h.
Most areas of the surface are covered with the α chain. Along
with the α chain, we can find another type of CuPc chain
indicated by the red arrow in Figure 4(c). This type of chain
dominated the surface at higher coverage (exposure for
13min), as shown in Figure 4(d). The chain is referred to
as “β chain” hereafter. Two types of molecular orientations in
the β chain were observed, as illustrated in Figure 4(d), and
the orientation is aligned in each chain. The similar structure
as β chain has been observed in STM studies on MnPc [10]
and FePc [13–15].

Figure 3: (a–c) STM manipulation processes for the CuPc chain grown along the step (yellow arrows). The molecular shape is represented in
(a). (d) Apparent height along the red line in (c). The distance between the Au rows along [001] changes from 2b to 3b only where the molecules
adsorb. The side view is also shown on the top. (e) Schematics of the (1 × 3) reconstruction at the step edge induced by CuPc adsorption. The
images were obtained at Vs = 200mV and I = 1 nA.

Figure 4: Growth of CuPc chains on the Au(110) surface. (a) STM
images of the Au(110) exposed to CuPc for 7min and immediately
cooled to 80K. A–CuPc, B–CuPc, as well as several disorder chains
were observed. (b) STM images of the Au(110) exposed to CuPc for
5min and kept at room temperature for 14 h. The molecules were
arranged to form the α chain on the surface. (c, d) STM images of
Au(110) exposed to CuPc for 10min and 13min, respectively (the
samples were kept at room temperature for at least 5 h). As the
coverage increases, the α chain and, subsequently, another chain (“β
chain”) evolve on the surface. We note that the β chains can be
found at lower coverage, as shown by the red arrows in (b, c). The
molecular shapes in the β chain are drawn in (d). The scale bars
represent 5 nm. The images were obtained at (a, c, d) Vs = 500mV
and I = 1 nA and (b) Vs = 400mV and I = 1 nA.

Regular Paper

e-J. Surf. Sci. Nanotechnol. 20, 25–30 (2022) | DOI: 10.1380/ejssnt.2022-010 28

https://doi.org/10.1380/ejssnt.2022-010


Finally, we investigated the periodicity from the STM
images of the chain. Figure 5(a, b) shows STM images of
the α and β chain cluster, and Figure 5(c, d) shows the 2D
fast Fourier transform (FFT) of the same surface but for a
larger area of Figure 5(a, b), respectively. The FFT pattern of
the α [β] chain shows (7 × 5) [(5 × 5)] periodicity and is
streaked along the [001] direction, indicating that the posi-
tions of the molecules are not correlated between the chains
[13, 14]. From the STM images and corresponding FFT
patterns, we illustrate the schematic structure of α and β
chain cluster in Figure 5(e, f ), respectively. For α chains
[Figure 5(e)], the five-fold periodicity along [001] is realized
by repeating 2b and 3b, and the molecular distance along the
½1�10� direction is typically 7a. For β chains [Figure 5(f )], the
interval of Au rows and molecules is equal to 5b and 5a
along [001] and ½1�10�, respectively, which is consistent with
the (5 × 5) phase previously repotred [17–19]. Thus, it fol-
lows the CuPc molecules form the (7 × 5) phase consisting of
α chains, followed by the (5 × 5) phase consisting of β
chains, in the early stage of chain formation. Note that
previous diffraction studies have not reported such a
(7 × 5) phase. This may be because of the relatively broad
distributions of molecular intervals along the ½1�10� direction.

IV. CONCLUSION

We studied the adsorption structure of CuPc on Au(110)-
(1 × 2) and the surface reconstruction using STM. We found
that CuPc adsorption is accompanied by surface reconstruc-
tion even in the monomeric adsorption regime; the structure
beneath the monomer changes locally from (1 × 2) to (1 × 1).
Besides, we identified two types of CuPc chains developed in
higher coverage and revealed that the chains exhibit perio-
dicities of (7 × 5) and (5 × 5) with surface reconstruction.

This study suggests the importance of surface reconstruction
for CuPc adsorption on a Au(110)-(1 × 2) surface.
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