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ABSTRACT: We report an ultra-high-vacuum low-temperature (4.6
K) scanning tunneling microscopy study of the molecular structure
and dynamics of a carbon monoxide (CO) monolayer adsorbed at 20
K on Cu(111). We observe the well-known 1.4 × 1.4 phase of CO/
Cu(111) for the first time in real-space imaging. At 4.6 K, the
hexagonal symmetry of the monolayer is locally broken by the
formation of stripes made of single and double CO rows of different
apparent heights. Using density functional theory calculations, we
assign the high rows to CO molecules adsorbed mostly at off-center
top sites and the low rows to bridge sites. Groups of three or four very
high molecules appear randomly and are assigned to nearest-
neighbor, titled top site molecules. We observe simultaneous hopping
of a few CO molecules between adjacent top and bridge sites, which produces the apparent motion of the stripe pattern.

The adsorption of carbon monoxide (CO) has been
studied extensively in the past several decades because a

precise understanding of the structure formation and
adsorption site on metal surfaces is an important key for
unveiling catalysis and molecular surface interaction.1−3 More
recently, greatly diverse research on CO was conducted. Single
CO molecules adsorbed on noble metal substrates at cryogenic
temperatures under ultrahigh vacuum (UHV) conditions are
used as a standard sample to demonstrate single-molecule
manipulation4,5 and also as a building block to produce
artificial graphene nanoribbon molecules6 or kagome lattices
with exotic electronic properties of a higher-order topological
insulator.7−10 CO adsorbed on different substrates can form
monolayers with a variety of lattice structures.11−16 For the
extensively studied CO/Cu(111) system,17−30 several appa-
rently simple monolayer structures (such as 1.4 × 1.4) are
readily observed via low-energy electron diffraction (LEED)
but have never been confirmed using a real-space imaging
technique. Here, we solve this puzzle that has lasted for
decades.
CO adsorbs preferentially at the top site of Cu(111). Kole et

al. measured the potential energy surface of CO at low
coverage on Cu(111) at 170−210 K using helium spin−echo
spectroscopy.26 The top adsorption site was found to be the
most stable, followed by the bridge site (38 meV), while the
hollow site is a local maximum of the potential energy surface
and thus unstable. For CO/Cu(111), various monolayer
phases have been found.17−30 At an adsorption temperature
of 85 K, CO forms a (√3 × √3)R30 structure, with a
saturation coverage of Θ = 0.33, where one of three top sites is
occupied.24,25,31 Below 80 K, several denser phases have been

observed by LEED, including 1.5 × 1.5 R18 (Θ = 0.44)25 and
1.4 × 1.4 (Θ = 0.51).18 In these cases, CO molecules adsorb
not only at top sites but also at bridge sites,19,28,29 but
adsorption at hollow sites is unlikely.26 Reflection adsorption
infrared spectroscopy (RAIRS) results obtained for the CO/
Cu(111) surface at approximately 15 K indicate that all CO
chemisorbs at top sites up to a coverage of Θ = 0.33, while
bridge sites also become occupied for higher coverages.27 In
the adsorption temperature regime of 7−77 K, the ratio of
bridge to top sites strongly increases with coverage such that at
Θ = 0.5 there are approximately as many bridge as top sites.27

Surprisingly, real-space evidence for the dense phases of CO/
Cu(111) is scarce. The only scanning tunneling microscopy
(STM) results for coverages Θ > 0.4 were reported by Bartels
et al.,31 who observed a dense monolayer at 15 K with a p(4 ×
4) periodicity. They proposed a model of four top and five
bridge site CO molecules in the 4 × 4 cell, corresponding to Θ
= 0.56 and an approximate 1.33 × 1.33 periodicity, which is
clearly different from those of the structures identified by
LEED. Considering the tremendous progress in STM imaging
over the past several decades and the role of CO/Cu(111) as a
prototype system of surface science, it is most surprising that
the molecular structure of well-established low-temperature
phases, especially 1.4 × 1.4, has not been revealed to date.
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Here we report the first real-space observation of the 1.4 ×
1.4 phase of CO/Cu(111) using STM experiments performed
at 4.6 K under UHV. The CO monolayer was grown on an
atomically flat and clean Cu(111) surface held at approx-
imately 20 K. The STM analysis provides detailed insight into
the local arrangement of the CO molecules, which comple-
ments the lattice information obtained by LEED.19,28

Significantly, we observe that the CO monolayer consists of

dense CO rows, made of higher single and double (S and D,
respectively) rows alternating with lower (L) rows. This leads
to a one-dimensional, quasi-periodic patterning of the STM
contrast, i.e., the formation of stripes with an average width of
2.5 CO rows as clearly established by Fourier analysis. From
the STM contrast and STM spectroscopy dI/dV measure-
ments, the L rows are attributed to CO molecules adsorbed on
Cu(111) bridge sites and the S and D rows to molecules

Figure 1. UHV STM study on the 1.4 × 1.4 CO monolayer film on Cu(111) at 4.6 K with a CO-terminated W tip. (A) STM topographic image (7
nm × 8.6 nm; Vs = 40 mV; I = 0.73 nA). The inset represents an STM image corresponding to underlying fcc Cu(111) atoms. a⃗ and b⃗ denote a 5 ×
5 CO molecule unit cell of the 1.4 × 1.4 phase corresponding to a 7 × 7 cell of the Cu(111) substrate. (B) Enlarged STM images (2 nm × 1.9 nm)
taken from panel A. The stripes along a⃗ are lower CO rows (L) alternating with either single (S) or double (D) higher rows. (C) Height profile
along the white arrow in panel A.

Figure 2. (A) Fourier transform (FFT) image obtained from Figure 1A. Six symmetric spots are observed. Reciprocal lattice vectors ka⃗
CO and kb⃗

CO

correspond to 2π/(a⃗/5) and 2π/(b⃗/5), respectively, and kc⃗
CO = kb⃗

CO − ka⃗
CO is shown. (B) FFT image of the clean Cu(111) substrate. (C) Three line

profiles along ka⃗
CO (black), kb⃗

CO (blue), and kc⃗
CO (red) in panel A. The line profile along ka⃗

Cu obtained from panel B is also shown as a dotted black
line. Regions I−III denote the main peaks, submain peaks, and Γ point regions, respectively. (D) Inverse FFT images obtained from regions I−III
in the FFT image obtained on the CO surface.
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adsorbed on mostly off-center top sites. The higher D rows are
not uniform but contain clusters of three or four CO molecules
[named bright spots (BS)] that appear to be significantly
higher (+15 pm). By comparison with CO/Cu(100),32,33 these
clusters can be attributed to tilted CO molecules on nearest-
neighbor top sites. The stripe patterning is nonperiodic, and D
rows frequently evolve into S rows (and vice versa) along the
row direction.
The time evolution of the CO monolayer is studied by

taking STM images at 1.5 min intervals. The connection point
between some single and double rows is found to move
between images. This leads to an apparent, one-dimensional
wave motion of the stripe pattern and is explained as a
correlated hopping of several CO molecules from bridge to top
sites in the direction perpendicular to the rows.
STM on the 1.4 × 1.4 CO Phase. We adsorbed CO on the

Cu(111) substrate at approximately 20 K and carefully
monitored the overlayer structure as a function of the amount
of CO. At a CO dosage of 0.1 L, only randomly distributed
single molecules are found (see Figure S1A and ref 18). At a
dose of 0.5 L, the well-known (√3 × √3) R30° phase appears
and covers ∼50% of the surface, while the rest of the surface
shows disordered CO structures. A drastic change occurs at 1.0
L, when the whole surface is covered by a dense, ordered CO
monolayer. Figure 1A shows an STM image of this monolayer,
obtained with a CO-functionalized W tip under UHV at 4.6 K.
Each bright spot corresponds to a single CO molecule. The
inset (bottom left corner) in Figure 1A shows the atomic
image of the underlying Cu(111) substrate. The lattice
constant ratio between CO and Cu is very nearly 7/5 = 1.4
along all three axes of the hexagonal lattice, such that the CO
layer can clearly be identified as the 1.4 × 1.4 phase, which had
previously been observed only by LEED.18 The commensurate
1.4 × 1.4 phase corresponds to a supercell with unit vectors a⃗
and b⃗ shown in Figure 1A, along the [011] and [101]
directions of fcc Cu, respectively. The supercell consists of 7 ×
7 Cu surface cells and contains 5 × 5 = 25 CO molecules. In
addition to the 1.4 × 1.4 phase in molecular resolution, the
STM image shows strong contrast modulations, in particular a
stripe patterning along b⃗. This modulation is best observed
when looking at lower CO rows (blue color scale); we name
them L (for lower). Two neighboring L rows are separated by
either one or two higher CO rows. These regions are called S
and D for single and double higher rows, respectively (see
Figure 1B).
A height profile along the white arrow in Figure 1A is shown in
Figure 1C. Clearly, the S and D rows are 15 pm higher than
the L rows. Moreover, within the D rows, we frequently
observe significant brighter spots (named “BS”) made of three
or rarely four CO molecules. The height profile in Figure 1C
reveals that the BS spots are 15 pm higher than the D rows.
Approximately 10 BS features are shown in Figure 1A.
The periodicity of the CO monolayer was carefully analyzed

by taking the fast Fourier transform (FFT) of the STM
topographic images. Figure 2A shows the FFT image of Figure
1A. The six bright spots forming a hexagon correspond to the
1.4 × 1.4 CO lattice. On the basis of the direct hexagonal
lattice vectors a⃗ and b⃗ in Figure 1A, we define the reciprocal
lattice vectors ka⃗

CO, kb⃗
CO, and kc⃗

CO in Figure 2A. The FFT image
of the bare Cu(111) surface (Figure 2B) also shows six
hexagonally symmetric spots (named ka⃗

Cu, kb⃗
Cu, and kc⃗

Cu) in the
same directions. To see the details of the periodicity in the CO
monolayer stripe patterns, line profiles were taken along the

principal directions ka⃗ (black line), kb⃗ (blue line), and kc⃗ (red
line) as depicted in Figure 2C. Main peaks are located around
25 nm−1 for all three profiles, while stronger subdomain peaks
at 10 nm−1 are observed only in the ka⃗ direction. For bare
Cu(111), we plotted the data as dotted lines in Figure 2C. To
determine the lattice constant of the CO monolayer precisely
and remove any systematic error due to the drift and
imperfection of experimental piezo calibration, we take the
ratios Ri = ki⃗

Cu/ki⃗
CO (i = a−c) individually for ka⃗ (black), kb⃗

(blue), and kc⃗ (red). We obtain an Ra of 1.42 (=35.0/24.6), an
Rb of 1.39 (=34.6/24.9), and an Rc of 1.41 (=36.0/25.5) with
an error of ±0.02 (see Figure 2C). These results are clear
evidence that the observed CO monolayer has a 1.4 × 1.4
structure. To the best of our knowledge, the STM image in
Figure 1A is the first real-space evidence of the 1.4 × 1.4 phase
discovered by Pritchard et al. using LEED.18

It should be noted that the ratio R = kC⃗u/kC⃗O is slightly
different in the three directions; in particular, Ra/Rb = 1.02.
This means that the CO row distance in the ka⃗ direction (i.e.,
the distance between CO rows running along b⃗) is ∼2% larger
than in the kb⃗ direction. While this difference is hardly above
the error bar, it is consistent with the fact that the stripe
formation breaks the 3-fold symmetry and indicates that the
CO molecules are a little more densely packed along the
stripes than perpendicular to them.
Stripe Formation. The stripe pattern formation was further

investigated by analyzing the FFT line profiles (Figure 2C).
The line profile along ka⃗

CO displays an intense subpeak at 9.97
± 0.13 nm−1. The wavenumber ratio with respect to the main
peak (ka⃗

CO = 24.60 ± 0.10 nm−1) is 0.405 ± 0.006. This peak at
0.4ka⃗

CO corresponds to a periodic intensity modulation with a
wavelength of 1/0.4 = 2.5 times the main wavelength λCO [CO
row distance (see Figure 1A)]. Because the 0.4kC⃗O subpeak is
absent or much weaker in the other two directions, we expect
one-dimensional patterning, i.e., the appearance of stripes
perpendicular to ka⃗

CO, in agreement with the real-space picture.
In Figure 1A, the distance between two L rows is either 2λCO

or 3λCO, corresponding to the LSL or LDL sequence,
respectively. The occurrence of S and D is irregular; i.e., S
and D rows are not always alternating (as in ···LSLDLSLD···).
However, there are about as many D as S rows, and the average
distance between L rows is 2.5λCO, which explains the peak at
0.4 (=1/2.5) in the FFT line profile (see Figure 2C).
Therefore, the dominant subpeaks at 0.4 correspond to
(blue/green) stripe formation along the ka⃗ (or 2a⃗ + b⃗)
direction in the real-space STM image. Note that if the CO
overlayer was in a perfectly periodic, commensurate 1.4 × 1.4
superstructure on Cu, we would expect some modulation with
a period of 5λCO [=7 λCu (see the inset in Figure 1A)] that
would show up as a sharp peak at 0.2ka⃗

CO in the FFT. The
absence of a such a peak shows that the CO row sequence is
nonperiodic, in agreement with the real-space image.
Hence, through FFT analysis, we could understand that the

STM image in Figure 1A consists of three main components,
namely, region I (k ∼ 25 nm−1) (1.4 × 1.4 structure), region II
(k ∼ 10 nm−1) (stripe rows), and region III (k ∼ 0 nm−1)
(nonsymmetric patterns including the BS features). The
inverse FFT of regions I−III, shown in Figure 2D, provides
direct visual support for these assignments.
As mentioned above, the S and D rows are separated by L

rows and alternate in a nonperiodic but not completely
random way. The S/D sequence resembles the quasi-periodic
“silver mean” sequence on Ag films discussed by Smith et
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al.45−47 We find that the S/D sequence is consistent with the
silver mean over a finite length of only ≤7 nm (see Figure S2
for details). While it is possible that the CO overlayer lattice
has a quasi-crystal-like behavior of the silver mean type, we did
not find enough experimental evidence to support this
conclusion.
Correlated Molecular Hopping. We have studied the time

evolution of the CO monolayer by taking successive STM
images over a period of hours at a fixed temperature of 4.6 K
under UHV. Interestingly, we found an apparent motion of the
stripe pattern on a time scale of minutes. Such dynamic motion
has not been reported before on any CO monolayer surface
phase.
Figure 3A shows subsequent STM images of the same

surface area taken at a time interval of 1.5 min, where four BS
features (1−4) marked by red triangles are observed. From 0.0
to 1.5 min, feature 3 moved upward along the row direction.
Then, from 1.5 to 4.5 min, feature 1 moved upward, and
simultaneously, feature 2 changed the three spots upside down;
no change was observed between 4.5 and 6.0 min. This type of
CO molecular motion occurred continuously and randomly
from one scan to the other on a time scale of minutes. The
hopping events are clearly visible in the successive STM images
[t = 0.0−43.5 min (see Figures S3 and S4)] and videos
(Videos 1−5).
To further investigate the lateral hopping event on the CO

monolayer surface, we carefully checked the STM images in

the same area and corresponding FFT and the inverse FFT
(IFFT) images produced with the FFT spots located in regions
I−III. Figure 3B shows results at 0.0, 1.5, 4.5, 6.0, 15, and 18
min. We focus on the area marked by the circles in Figure 3B,
where one BS feature hops from left to right between 0.0 and
1.5 min. Then, this BS repeatedly appeared and disappeared
for 1.5−18 min. Between these events, the FFT, IFFT of
region I (1.4 × 1.4 phase), and IFFT of region II (stripe
waves) remain essentially unchanged, which means that the BS
hopping dynamics does not affect the 1.4 × 1.4 phase or the
stripe row periodicity. However, the IFFT of region III clearly
shows the hopping events. The relative number of CO
molecules in lower (L) and higher (S, D, and BS) rows is
plotted in Figure 3C as a function of time. Although the
hopping events occur frequently and at each time step, some
5% of the CO molecules switch between lower and higher
sites, and the hopping does not change the statistical
distribution of the molecules, which is very stable over 40
min: 52.5% in lower rows and 47.5% in higher rows (the latter
being composed of 28.5% S, 12% D, and 7% BS).
These observations suggest that CO hopping is a stochastic

process as expected for thermal or quantum fluctuations. We
counted how many BS hopped every Δt = 90 s and normalized
the hopping BS number (ΔN) by the total numbers of BS in
the area (N). The hopping probability so obtained (ΔN/N) is
shown as red dots in Figure 3C, where the average indicates

Figure 3. Time evolution of STM images at 4.6 K. (A) Successive STM topographic images obtained at the same area on the densely packed CO
monolayer film on Cu(111). Each image was obtained with a 1.5 min interval. Four bright spots (BS) are marked by red triangles. (B) Time-
dependent molecular hopping events. Six STM topographic images were obtained at 0.0, 1.5, 4.5, 6.0, 15, and 18 min. Corresponding FFT and
IFFT images obtained using regions I−III in the FFT images are shown. (C) Time dependence of the coverage percentages for the lower (L, black
dots) and higher (S, D, and BS, white dots) rows. The time dependence of the hopping probability (red circles) reveals approximately 9% of the
CO molecules on the surface hop, where N and ΔN denote the total numbers of CO molecules in the STM image and numbers of hopping CO
molecules in the STM image, respectively.
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8.9%. This yields a hopping rate = (ΔN/N)/Δt = 0.089/90 s−1

∼ 1 mHz.
The hopping of CO on Cu(111) at temperatures of a few K

is a complex phenomenon that may be caused by thermal
diffusion, quantum mechanical tunneling, or tip effects. If the
hopping were due to thermal diffusion alone, we could
estimate the potential barrier from the measured hopping rate
by Arrhenius’ law. With a typical value for the attempt
frequency of 1012−1013 s−1, we obtain a barrier of 14 ± 1 meV.
However, this is much lower than the value of ∼100 meV
reported for single-CO diffusion at low coverage.26 A possible
reason for the discrepancy is that at the measurement
temperature of 4.6 K, CO hopping is partially due to quantum
tunneling. For small CO clusters on Cu(111), it was found that
quantum tunneling dominates below 6 K.4 Finally, the hopping
could be tip-induced. We did not see any evidence of strong tip
effects such as a clear difference between STM images obtained
in forward or backward scan directions (see Figure S7), while
tiny scratches are observed, which may be tip-induced. The
forward and backward scans show identical BS features.
Nonetheless, the possibility that CO hopping is triggered
either by the electric field between tip CO and surface CO34 or
by vibrational heating through inelastic electron scattering48

cannot be fully ruled out.
Then the question arises arises why the 1.4 × 1.4 phase is

easily seen in LEED, even at much higher temperatures (20−
70 K). Contrary to STM, which measures the absolute atomic

positions on a time scale much slower than that of molecular
motion (picosecond), LEED is a fast reciprocal-space probe
and thus sensitive only to the instantaneous position of a
scattering atom relative to its neighbors (i.e., it measures the
pair correlation function). Consequently, the LEED pattern
hardly changes when CO molecules hop from bridge to top
sites, as long as the statistical distribution of the distance
vectors between neighboring molecules is preserved, which is
the case for collective CO hopping events observed in Figure 3.
Adsorption Models. We now discuss the molecular structure

of the 1.4 × 1.4 phase of CO/Cu(111) in view of the models
suggested previously by Pritchard.18 Figure 4A shows the
schematic model of the 1.4 × 1.4 phase. The super cell unit
contains 5 × 5 = 25 CO molecules and 7 × 7 = 49 Cu
substrate atoms (circles). Using unit vectors of the substrate

fcc(111) Cu lattice, ⃗ = −( )a ,Cu
1
2

3
2

and ⃗ = ( )b ,Cu
1
2

3
2

, the

supercell unit vectors can be described as a⃗ = 7a⃗Cu = 5a⃗CO and
b⃗ = 7b⃗Cu = 5b⃗CO (see Figure S6 for notation clarification). CO
molecules adsorbed on off-center top (T) and bridge (B) sites
are shown in Figure 4 as red and black dots, respectively.
We start with the coincidence structure, i.e., a regular 1.4 ×

1.4 lattice of CO simply overlaid on the substrate lattice (see
Figure 4A, left panel). This model contains top sites, off-center
top sites, bridge sites, and a few hollow sites. A coincidence
lattice is expected for a completely flat potential energy surface,
but this is not realistic. According to Pritchard18 and Raval et

Figure 4. Models of the 1.4 × 1.4 CO phase on Cu(111). Black and white circles denote CO molecules and Cu atoms, respectively. (A) The left
panel shows a coincidence lattice, with COs on perfect 1.4 × 1.4 lattice sites. The right panel shows 13 CO molecules located on the bridge sites
and 12 CO molecules located on the off-center top sites. Yellow and blue regions denote higher and lower rows, respectively, reproducing the
experimentally observed L, S, D, and BS. The BS are marked by red triangles. (B) Only one and two COs shift from off-center top to bridge sites,
producing lower rows. Original CO positions are marked by dotted circles. (C) Models before and after the correlated hopping from top to bridge
and bridge to top, maintaining the 13:12 ratio. (D) Models reproducing the experimentally obtained STM images before and after the correlated
hopping.
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al.,28 relaxation of the CO positions is crucial such that only
top and 2-fold bridge sites are occupied with as many top sites
as possible, because the top site is clearly preferred on Cu. The
model suggested by Pritchard has a 13:12 ratio of top:bridge
sites and is shown in Figure 4A (right panel). Note the
appearance of groups of three or four molecules on adjacent
off-center top sites (red dots). As seen in the right panel of
Figure 4A, there are rows with only bridge sites (L, shaded
blue) and rows with a majority of top sites (S or D, shaded
yellow).
It was pointed out that the coincidence structure (Figure 4A,

left panel) and the relaxed structure (Figure 4A, right panel)
would be indistinguishable in LEED,28 and to date, there has
been no direct experimental evidence for either model.
However, our STM data contain evidence favoring the relaxed
model. In Figure 1A, there are bright (“BS”) features of three
(sometimes four) CO molecules, which we attribute to CO on
adjacent top sites. The apparent height of the BS molecules is
∼15 pm larger than the other spots in single or double higher
rows (see Figure 1C). For CO/Cu(100) in the c(7√2 × √2)
phase, it was shown that CO molecules on nearest-neighbor
top sites appear much brighter than CO molecules on next
nearest-neighbor top sites.30 The difference in apparent height
was found to be 30 pm, in good agreement with the difference
of 15 pm observed here. CO molecules on the nearest-
neighbor Cu(001) top sites were shown to be strongly tilted,33

which reduces the Pauli repulsion. The enhanced apparent
height in STM images of the tilted molecules was attributed to
an increase in O pz and C pz orbital character of the states
around the Fermi level, which is the dominant tunneling
channel in the case of a CO tip. The distance between the next
nearest-neighbor sites on Cu(100) is √2dCu, which is only 1%
larger than the distance between CO molecules in the 1.4 ×
1.4 phase in CO/Cu(111). Thus, the effect of compression
and adjacent site occupation should be quite comparable
between the two systems. Our density functional theory
(DFT) calculations (see Figure 5) show that also for CO/
Cu(111), CO molecules adsorbed on the nearest-neighbor top
sites are strongly tilted (by about 10°). Due to the triangular
symmetry of Cu(111), three such molecules naturally form a

regular triangle, which explains the appearance of bright BS
features.
Note that our experimental results are compatible with the

hexagonal 1.4 × 1.4 model proposed by Pritchard, which also
features five different rows per cell and clusters of three or four
top atoms. However, we clearly observe a small, local breaking
of the 3-fold symmetry by stripe formation. This does not
contradict the observation of regular 1.4 × 1.4 LEED patterns,
because the hexagonal lattice distortion is very small and in a
LEED experiment the average over equivalent domains is seen.
An important new feature observed in this phase is the

correlated switching between the top (T) and bridge (B) sites.
Due to the repulsive intermolecular interaction of the CO
overlayer, the rows where the CO molecules are closely
arranged together would be more likely to switch adsorption
site, which is the rows with top sites adjacent to each other.
In the left panel of Figure 4B, one of the top site CO marked

by the arrow shifts to the near bridge site, and a row of bridge
sites is formed (blue shade along the b⃗ direction),
corresponding to the experimentally observed lower row.
This shift (from top to bridge) is portrayed by the dotted red
circle. The right panel in Figure 4B represents another hopping
model of two COs marked by arrows from top to bridge site.
These models give us important insights into the stripe
motion; namely, only one or two COs hopping between top
and bridge sites control stripe formation.
Figure 4C depicts the situation before and after the

correlated hopping. Two COs shift from top to bridge sites,
and subsequently, two neighboring COs shift from bridge to
top sites (see CO molecules marked by arrows). As a
consequence, the bright BS feature located at the center of
the model has vanished. Also, the original SLDLS rows switch
to SLSLD rows. Collectively, the switching of adsorption sites
results in stripe motion, which is the shifting of a D row to an S
row.
Finally, Figure 4D shows models corresponding to the real

hopping occurrence in the STM images. BS features 1−4 can
be observed before the hopping, while feature 4 shifts the
position after the hopping. The corresponding models suggest
three COs shift from top to bridge sites and three COs shift
from bridge to top sites.

Figure 5. (A) Top view (center) of the calculated CO/Cu(111) structure. Oxygen (red), carbon (green), and surface layer copper atoms (brown)
are shown. The 7 × 7 unit cell (dashed line) contains 25 CO molecules. CO rows attributed to higher (S and D) lines are shaded yellow, and lower
(L) rows are shaded blue. (B) Histogram of the lateral O−O distance in the calculated CO/Cu(111) structure. It is seen that the O−O distances
are narrowly distributed around 1.4dCu, corresponding to a perfect 1.4 × 1.4 superstructure.
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Density Functional Theory Calculations. We have performed
DFT calculations on the 1.4 × 1.4 monolayer phase of CO/
Cu(111). Figure 5A shows the optimized structure of the 1.4 ×
1.4 phase. Among the 25 CO molecules in the unit cell, 19 are
adsorbed on top (T), three on bridge (B), and three on hollow
(H) sites. However, only one of the top site COs is straight
(Ts) on Cu, while 18 COs are tilted (Tt), most of them in the
direction of a Cu−Cu bond, such that the x−y position of the
O atom is between the top and bridge site. We now attribute
the CO rows of the DFT calculation from top to bottom to the
experimentally observed rows L, S, and D. Row 1 (top row in
Figure 5, marked S) has the adsorption site sequence Ts Tt Tt
Tt Tt. It contains only top sites and is attributed to the higher
single row (S). Rows 3 (Tt Tt Tt Tt H) and 4 (Tt B Tt Tt Tt)
are two adjacent rows with 80% tilted top sites and can be
attributed to the higher double row (D). The remaining rows,
2 (Tt B Tt B Tt) and 5 (Tt Tt H Tt H), separate the single and
double rows. They have the largest number (40%) of nontop
sites. Moreover, the three top sites in each row are very
strongly tilted such that the O atoms are closer to bridge sites
than top sites. Considering the fact that the bridge site energy
is overestimated in the present DFT+U scheme, we think that
these three strongly tilted top site molecules might in reality be
adsorbed on bridge sites. Therefore, we attribute rows 2 and 5
to the lower rows (L).
Figure 5B shows the statistical distribution of the lateral O−

O distances in the optimized structure. Importantly, all lateral
O−O distances are very close to the 1.4 × Cu−Cu distance.
Thus, the O positions alone form an almost perfect 1.4 × 1.4
structure. The tilting of the CO molecules clearly indicates that
the O atoms of neighboring CO molecules repel each other. As
adsorption at a top site has the lowest energy, the system tries
to maximize the number of top sites, while keeping the O
atoms as far apart as possible. This leads to a regular lattice of
O positions and tilting of the CO top sites. It is important to
note that the computed structure should appear as a very
regular 1.4 × 1.4 superstructure in both STM and LEED,
because these experiments essentially probe only the topmost
atomic layer, i.e., the O positions.
In conclusion, the DFT simulations confirm the 1.4 × 1.4

superstructure and are consistent with the observation of single
and double top site rows alternating with rows of mainly bridge
sites.
Finally, we have analyzed the dI/dV curves of CO molecules

in a lower and higher row (see Figure S5). We find that all
lower row COs have a very similar dI/dV signal while
approximately half of the higher row COs have a distinctly
different signal. This corroborates the models in Figure 4
where the lower rows are adsorbed at a unique site (bridge)
while the higher rows are a mixture of off-center top and bridge
sites.
In summary, we have achieved the first real-space

observation of the 1.4 × 1.4 phase of CO/Cu(111) using
STM at 4.6 K. Locally, the hexagonal symmetry is broken by
the formation of stripes between CO rows of different apparent
heights. We distinguish three types of adsorption states,
namely, lower (L) single CO rows, higher single (S) or double
(D) rows, and bright spots (BS) made of three or four CO
molecules, which appear randomly within the D rows. On the
basis of DFT calculations, we assign the L rows to bridge
adsorption sites, the S and D rows to a mixture of top and
bridge sites, with a majority of off-center top sites, and the BS
features to three nearest-neighbor, titled top site molecules. By

studying the time evolution of the STM images, we have
observed an apparent motion of the stripe pattern that is
explained by the correlated hopping of one to three CO
molecules between adjacent top and bridge sites.

■ METHODS
Home-Built Low-Temperature UHV STM Setup. The experi-
ment was performed with a home-built low-temperature STM
instrument at 4.6 K under UHV. The setup consists of
introduction, preparation, and analytical chambers with a base
pressure of <10−8 Pa (see details in refs 34−37). A UHV
cryostat (CryoVac), including an outer liquid nitrogen tank (8
L) and an inner helium tank (4 L), is docked on the analytical
chamber. The STM instrument was placed at the center of the
analytical chamber thermally contacting the cryostat. Heat
radiation from the analytical chamber to the STM instrument
was cut with two cylindrical cooling shields, which maintained
the STM temperature of 4.6 K for 40 h using 4 L of liquid
helium.
STM/STS Measurements. STM and scanning tunneling

spectroscopy (STS) measurements were performed with a
combined Nanonis SPM controller and software. The
topographic images were obtained with a constant current
mode. STS was performed by measuring tunneling current as a
function sample bias voltage [I(V)] at each pixel position in an
STM topographic image (feedback off grid mode). Differential
conductance (dI/dV) curves, which are proportional to the
sample local density of states (LDOS), were obtained using
WSxM 5.0 Develop 9.0 software38 via numerical differentiation
of I(V) by the sample bias voltage (V).
Fabrication of the CO-Functionalized W Tip. STM tips were

fabricated from polycrystalline W wires with a radius of 0.3
mm (99.95% pure) via electrochemical etching using aqueous
KOH and subsequently transferred into the UHV preparation
chamber. Then, the tip apex was flashed at 2000 K to exclude
oxide layers.39 The cleaned W tip was again transferred to the
UHV analytical chamber without breaking UHV and placed in
the STM instrument using a wobble stick. The W tip was
approached on the Cu(111), and then CO gas was dosed. We
prepared a CO-functionalized W tip by picking up an adsorbed
CO single molecule from the Cu(111) surface on the W tip
apex33,34 or direct adsorption of a CO gas molecule on the W
tip apex.
Cu(111) Preparation. The Cu(111) single crystal was

cleaned by repeated cycles of Ar+ sputtering (1.0 kV, 0.80
μA) for 15−30 min with subsequent annealing (820 K) (see
details in refs 34 and 37). The cleanliness of the substrate was
checked using LEED. The cleaned Cu(111) was cooled first at
the 100 K cooling stage for 15 min and second at the STM
sample stage while the temperature of 4.6 K was maintained
for at least 3 h. This avoided unnecessary thermal drift during
approach and scanning. In most cases, immediately after the
surface had been cleaned, atomically flat terraces (>100 nm)
were produced with an impurity concentration of <1%. dI/dV
curves were measured to check the Cu(111) surface state peak
at −0.35 eV below the Fermi energy.
CO Molecule Adsorption at Cryogenic Temperatures. The

cleaned Cu(111) in the preparation chamber of the UHV-
STM setup was subsequently transferred to the STM analytical
chamber through the gate valve without breaking UHV. Then,
we opened the two cooling shields cutting the radiation heat
from the 300 K chambers and set the Cu(111) sample into the
STM sample stage maintained at 5 K. We closed the shield
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doors and waited 2−3 h to cool the sample to 5 K. We again
opened the shield doors shortly (which heats the sample stage
temperature from 5 to ∼20 K) and gently dosed the CO gas
molecules into the STM stage. CO gas was exposed to the
STM chamber in an amount of 1.0 L (Langmuir, 1.33 × 10−6

mbar s) from the CO gas cylinder (0.9 MPa) through a
variable leak valve. Then, the CO/Cu(111) sample was again
allowed to cool, and after the temperature has stabilized at 4.6
K, STM measurement was carried out.
Density Functional Theory Calculations. Density functional

theory (DFT) calculations were performed using the VASP
code in the DFT+U scheme with the PBE exchange-
correlation functional. Following ref 40, we took U = 6 eV
for the 2p orbitals of C and O. A plane wave energy cutoff of
400 eV and a 2 × 2 × 1 k-point mesh were used. The Cu(111)
substrate was modeled with a four-atom layer slab in the 7 × 7
surface cell. The unit cell contains 196 Cu atoms and 25 CO
molecules. Slabs were separated by 15 Å vacuum. The lower
two Cu layers were frozen. The coordinates of all other atoms
were optimized until the forces were <0.1 eV/atom.
The CO/Cu system is a notorious case in which pure DFT

functionals fail to predict the correct (top) adsorption site.41

Correlation effects beyond DFT need to be taken into account,
by using configuration interaction,42 the random phase
approximation,43 or the computationally much less demanding
DFT+U approach.40,41 Following Eran et al.,40 we have chosen
with the PBE+U functional a U value of 6 eV for the 2p
orbtials of both C and O atoms. This functional predicts the
top site to be most stable with an adsorption energy of −0.5
eV, in good agreement with experiment. It is generally believed
that the hollow site is less stable than the bridge site,27,44 but
the experimental evidence is rather limited and indirect,
because hollow and bridge sites can be difficult to distinguish,
e.g., in RAIRS.27 Within the present PBE+U approach, we have
E(top) < E(hollow) < E(bridge); i.e., the order of bridge and
hollow sites appears to be reversed as compared to experiment.
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