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E
xternal pressure has a significant effect
on the physical and chemical proper-
ties of materials.1�3 When the size

of materials goes down to the nanoscale,
however, it remains a challenge to apply
external pressures to nanomaterials due to
technical difficulties in experimental set-
up. Pioneering studies had demonstrated
that scanning probe based cantilever tech-
nique can apply tunable shear stress on low-
dimensional covalent materials, such as car-
bon nanotube,4�6 and graphene layers.7�9

External in-plane (uniaxial) stress is of more
importance than shear stress in terms of
tuning physical properties of one (two)-
dimensional (1(2)D)materials since it directly
changes the in-plane interatomic distances
ofmaterials. The cantilever technique is help-
less in providing in-plane stress which was
successfully achieved by employing the lat-
tice mismatch between two materials at
the interface of heteroepitaxial thin films.
The mismatch leads to an interface stress,
which effectively applies a 2D pressure to
the epitaxial film, giving rise to, e.g., in-
duced superconductivity in FeSe and ex-
tremelyhighmagneticfield ingraphene.10�12

In these interfaces, the effective pressure

applied, however, cannot to be continuously
tuned.
The continuously tunable effective pres-

sure allows to investigate the evolution
of, e.g., mechanical, properties of low-
dimensional materials. However, only few
studieswere reported inmolecular crystals.13,14

In two previous demonstrations, 2D molec-
ular crystals were formed on coinage metal
surfaces and the in-plane pressure was rea-
lized by changing the intermolecular dis-
tances governed by surface coverage.13,14 A
Young's modulus of approximately 1 GPa
was revealed by a parabolic fitting of stress
as a function of strain. They are rather soft
even for molecular crystals, which limits the
range of the applicable effective pressure.
An interesting question thus arises that
whether it is possible to build a “harder”
2D molecular crystal, so that s wider range
of in-plane pressure can be applied, which
may give rise to new physical or chemical
phenomena in the molecular crystal.
The harder the crystal, the stronger the

intermolecular repulsion. In the early exam-
ples, the repulsion, stemmed from side chain
and outer H atoms,13,14 was in the formof van
derWaals (vdW). To realize harder 2D crystals,
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ABSTRACT We demonstrated an approach to effectively apply in-plane pressures

to molecular layers by utilizing the substrate confinement effect. The compressed

crystal structure and mechanical behaviors of carbon monoxide (CO) monolayer

subjected to the confinement of Cu(100) substrate were jointly investigated by low

temperature scanning tunneling microscopy experiments and first-principles density

functional theory calculations. By increasing molecular coverage, an exceptionally

large Young's modulus of 33 GPa was derived for the constrained CO monolayer film.

This extreme in-plane pressure leads to site-specific tilting geometries, polymeric-like

electronic states, and vibrational behaviors of CO molecules in the compressed phases.

These results provide an extended understanding of the physical and chemical properties of intermolecular interactions in this fundamental system.
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the repulsion must be stronger than vdW. Carbon
monoxide, being employed to functionalize tips for
imaging the Pauli repulsion force, was believed to
have strong intermolecular repulsion, which may fit
the requirement of strong repulsion. The CO/Cu(100)
monolayer crystal also has various phases with respect
to coverage, e.g., the

√
2 �√

2 normal phase (NP) and
more compact phases, namely, the “compressed phases”
(CPs) of, i.e., c(7

√
2�√

2) (CP7) and c(5
√
2�√

2) (CP5, in
doubt, not observed in real space),15,16 which might
thus be an ideal prototype system for investigating the
evolution of structural, mechanical, and electronic
properties in a harder 2D molecular crystal.
In this paper, using a low temperature scanning

tunneling microscope (STM), we report a discovery of
2D CPs, i.e., phases c(9

√
2 � 9

√
2) (CP9-9), c(9

√
2 �

7
√
2) (CP9-7),, and c(7

√
2 � 7

√
2) (CP7-7), which are

denser than the previously known “most” dense CP7 or
CP5;16 while sparse CPs of CP11 and CP9 were also
observed as well as the confirmed CP5 phase. The
discovery completes the evolution of process of
Cu/Cu(100) from normal phase to 1D striped and then
to 2D network compressed phases, which allows to
derive the stiffness of the crystal. In line with density
functional theory (DFT) calculations based on a con-
tinuum elastic model, the 2D crystal was predicted a
Young's modulus of 33 GPa, exceptionally larger than
usual molecular crystals of roughly 10 GPa. Such a high
stiffness, as suggested by DFT, comes from the inter-
molecular Pauli repulsion. The Cu�CO attraction over-
comes this repulsion forming CO molecules into a
2D crystal. We call the Cu�CO attraction “surface
confinement”. A certain in-plane pressure is thus in-
duced by the substrate confinement, which is tunable
by adjusting the coverage of COmolecules on Cu(100).
Additionally, it was found that the COmolecules at the
domain walls (DW) (in 1D) and chiral interactions (CI)
(in 2D) have specific tilting configurations, which
shows different local electronic density of states
and vibrational behaviors from the normal

√
2 � √

2
domains (ND), and most likely, gives rise to the forma-
tion of polymeric-like electronic states in the CO
monolayer.

RESULTS AND DISCUSSION

Figure 1 illustrates the structural evolution of the
CO/Cu(100) monolayer. The previously reported NP,17

as shown in Figure 1a inset, was observed during the
in situ deposition process when the CO coverage
reached 0.5 ML, which indicated a rather high mobility
of CO on Cu(100) at the liquid nitrogen temperature.
Compressed phases appear when additional mol-
ecules were dosed onto the normal phase. At the early
stage, locally ordered structures of CPs were found,
i.e., the CP11 and CP9. The interdomain wall distances
of these two CPs are and 5.5

√
2a and 4.5

√
2a, re-

spectively, where a = 2.55 Å is the nearest surface

Cu�Cu distance. The distance shortened when more
COmolecules were dosed, eventually forming a denser
CP7 phase at the coverage of θ = 4/7 ≈ 0.57 ML, as
shown in Figure 1a, consistent with the previous
results.16 Although CP7 was previously reported as
the “densest” phase, an even denser phase of CP5
was obtained in our experiment, as shown in Figure 1b.
All of these CPs are “1D-like” that DWs in them do not
cross each other although orthogonal turnings were
often observable. These 1D CPs evolves into crossed
DWs when further increasing the coverage, as shown
in Figure 1c,d, as well as the movie available in the
associated Supporting Information.18 These 2D CPs
have never been reported before. A careful analysis
of the interdomain wall distances indicates that the 2D
CP is a mixture of the CP9-9, CP9-7 and CP7-7 super-
structures, in which the normal

√
2 � √

2 domains
(NDs) were surrounded by the crossed DWs running
along the Æ100æ directions. Further deposition did not
give rise to denser CPs, e.g., CP3, CP7-5 or CP5-5.
DFT calculations were employed to reveal the struc-

tural details of these CPs. Figure 2 shows the fully
relaxed atomistic structures of phases CP9, CP7, CP5
and CP7-7, and their corresponding STM images. These
bright dots in the STM images represent the position
of the oxygen atoms.19 The side views of molecular
configuration show that CO molecules are strongly
tilted outward at the DWs, while the C�Cu bond
lengths are kept unchanged. Table 1 summarizes the
detail values of the tilting angle and bond lengths.
The COmolecules next to the DW COs are also tilted in
CP9 and CP7 and the C�Cu bond lengths of these
molecules are the same to those of the COs in NP.

Figure 1. STM images of CO/Cu(100) in phases of NP (a)
inset, CP7 (a), a mixture of CP7 and CP5 (b), a mixture of 1D
and 2D (c), and 2D network (d). The scan area is 20 nm �
20 nm. The arrows in the (a) inset indicates the Æ110æ
directions of Cu(100). The rows (bright lines in the images)
correspond to the DWs growing along the Æ100æ directions,
which end only at Cu step edges.
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Figure 2d shows the theoretical model of the
CP7-7 phase that contains a CI comprising orthogon-
ally kinked DWs and an associated molecule-resolved
STM image where CP9-9, CP9-7, and CP7-7 were
identified. Unlike that in 1D CPs, the NDs are sur-
rounded by orthogonally crossed DWs in 2D CPs. The
difference of C�Cu bond lengths from those of 1D CPs
is within 0.003 Å for both NDs and DWs, and the C�O
bond length at CIs is 0.01 Å longer than that in NDs. All
of the tilting angles, however, are up to 2� larger than
the corresponding angles in less dense 1D CPs, which
essentially does not change the thickness of the adlayer.
Adsorption energy of CO molecules was calculated

for all considered CPs. Two categories of adsorption
energies were presented in Figure 3, i.e., the energy
gains per molecule (Eads�M) and per surface Cu atom
(Eads�S) upon the adsorption. The former one reflects
the strength of molecule�substrate and intermolecu-
lar interactions, and the latter one represents the

stability of the molecule-covered surface. The absolute
value of Eads�M decreases with respect to the increase
of coverage, which indicates that the Eads�M at DWs is
smaller than that in NDs. Negative values of Eads�M

suggest that the formation of every considered CP is
energetically favorable. Some structures, however,
were not observed in the experiment. It could be
explained by Figure 3b, where the evolution of Eads�S

with the increasing coverage was plotted. The 1D
Eads�S (in blue) continuously drops before the cover-
age (θ) reaches 0.6. At a higher coverage of 0.64, CP7-7
keeps the trend of dropping, although the E goes
higher in CP3 (θ = 0.67). Denser phases of CP5-5 and
CP3-3, similar to CP3, fleetly lose their stability that E
quickly goes smaller. A turning point of Eads�S was thus
found at CP7-7, which means the formation of super-
structures with a higher coverage than CP7-7 is en-
ergetically unfavorable, unlikely being observed in our
experiments.
We consider these appeared CPs as a quasi-

continuous evolution of the CO/Cu(100) adalyer to
reveal the underlying correlations among them. The
continuous reduced E with increasing coverage im-
plies repulsive interactions among these COmolecules
under the substrate-confinement pressure. The re-
sponse to the pressure is commonly evaluated by
plotting strain energy density U as a function of strain
ε. The actual strain energy density U can be calcu-
lated by U (i,0) = (Eads�M�i � Eads�M�0)θi/(S0h0), where
Eads�M�i and Eads�M�0 denote the averaged Eads�M of
CO in different CPs and the noncompressed NP, re-
spectively, S0, the area occupied by one Cu atom on
Cu(100) surface, is 6.5 Å2, and h0, the averaged adlayer
thickness, is the total length of Cu�C and C�O bonds,
approximately 3 Å. The strain ε can be determined
by ε(i,0) = [(1/θi)

1/2 � (1/θ0]
1/2)/(1/θ0)

1/2, where θ0 and
θi denote the coverage of the ND and different CPs,
respectively.
Figure 3c plots the U (ε) of the CO adlayer, showing a

Hookean response characterized by the strain energy
density U increasing quadratically with the strain ε. For
this particular case that the CO adlayer is in-plane
compressed by chemical attractions, U simplifies to
U = Eε2, where E is the Young's modulus. A quadratic fit
of the data set of Figure 3c yields the Young's modulus
of the CO adlayer of approximately 33 GPa, which
is substantially larger than that of molecular solids
(typically range between 2 to 15 GPa, e.g., 12.4 GPa
for CO2-I), but lower than that of solid copper
(∼124 GPa). The Young's modulus of the CO layer has
a theoretical upper limit that cannot exceed the
Young's modulus of the Cu(100) substrate which was
employed as an external constrain to the CO layer.
The Young's modulus generally correlates with the

bond stiffness of materials by E = S/a0, where S and a0
are the bond stiffness and the equilibrium intermole-
cular distance. The equilibrium intermolecular distance

TABLE 1. Structural Details of CO/Cu(100) Normal and

Compressed Phases

C�O (Å) Cu�C (Å)

structure ND DW CI ND DW CI R (deg)

CP9 1.161 1.162 - 1.873 1.876 - 10.1
CP7 1.161 1.162 - 1.872 1.876 - 10.0
CP5 1.160 1.161 - 1.872 1.876 - 8.9
CP3 - 1.161 - - 1.876 - -
CP7-7 1.161 1.163 1.163 1.864 1.871 1.874 -
CP5-5 - 1.162 1.163 - 1.867 1.872 -
CP3-3 - - 1.161 - - 1.877 -
CO (g) 1.148/1.13 (Exp) - -
Single CO (s) 1.163 1.860 -

Figure 2. Molecular resolution STM images of CP9 (a), CP7
(b), CP5 (c), and amixture of CP9-9, CP9-7, and CP7-7 (d) and
their corresponding theoretical models in top- and side-
views. Solid-white rectangles in (a�c) indicate the lattice of
the conventional cells, and the square in (d) highlights the
chiral intersection (CI). AngleR is themolecular tilting angle
and d is the C�Cu distance.
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a0 of COs is ∼3.65 Å for CO/Cu(100), which leads to an
equivalent bond stiffness of ∼11.8 N/m. This value is
smaller than that of typical metallic (15�75 N/m) and
covalent (50�180 N/m) bonds, but comparable with
the typical value of ionic bonds (8�24 N/m) and much
larger than that of van der Waals force (0.5�1 N/m).
Intermolecular interactions of polarized molecules on
surfaces were usually supposed to be repulsive due to
electric dipole�dipole interactions.20,21 Such a high
stiffness of∼11.8 N/m, however, cannot be ascribed to
the relatively weak vdW-like long-range dipole�dipole
interactions. A similar strong repulsive force-constant
of ∼10.5 ( 1.5 N/m had been experimentally esti-
mated for the CO on Pd(110) system, while have been
ascribed to the steric Pauli repulsion between the
nearest neighbor molecules.22�24 The plot of differen-
tial charge density explicitly shows electron density
accumulations around COs, as shown in Figure 3d left,
where pipelines of electron density were found at CIs
and DWs. These charges, as shown Figure 3d right,
stem from the electron density reductions at the
interstitial region of the CO molecules, which results
in dominative Pauli repulsion between the nearest
COs. The Pauli-repulsion force can be partially relaxed
by tilting and/or bending the DW (CI) molecules,
making a nonterminal adsorption site.16

Tilting and bending CO molecules do occur at the
DWs and CIs, as shown in Figure 2, owing to efficiently
reducing of Pauli repulsion among CO molecules.16

These local structural relaxations may significantly vary
the site-specific adsorption energy, local electronic
structures, and other properties of the CO adlayer.
The site-specific adsorption energies of CO molecules
in the ND and all CPs were summarized in the asso-
ciated Supporting Information.22 The adsorption en-
ergy of CO (Eads�M) in NP is�541 meV, 85 meV smaller

than that of an isolated CO molecule on Cu(100)
of�626meV, indicating repulsive dipole�dipole inter-
molecular interactions in NDs.29 By fitting the E of a
series of CPs, it was found that the adsorption energy of
a CO in ND is �569 ( 5 and �448 ( 4 meV for that at
DW. Given the both values, the adsorption energy at CI
was derived as �420 ( 9 meV for the denser phase of
CP7-7. These four adsorption energies of the NP and
CPs can be grouped into two categories, one for theND
in the range from�569 to�541meV and the other for
the DW and CI in the range from �448 to �420 meV.
These results explain the two different desorption
temperatures of 180 and 135 K observed experi-
mentally,26 in which the assessment of the 135 K value
was previously uncertain.
The ND and DW yield distinctly different properties

in terms of local electronic structures. Phase CP5 is the
simplest phase containing both ND and DW, which is
preferred in our analysis of electronic structures. The
local densities of states (LDOS) of a ND and DW carbon
atom in CP5, shown in Figure 4, are superposed. Either
of them has at least one peak that the other does not
have, which indicates that certain electronic states of
CO molecules are spatial-separately distributed. Two
states, i.e., S-DW and S-ND, illustrated as two peaks in
Figure 4, were chosen for further discussion, while the
rest states essentially share the same physics with the
specified two. States S-DW and S-ND reside at 0.55 and
0.62 eV above the Fermi energy, respectively. Accord-
ing to the plots of charge density (Figure 4 inset), state
S-DW is strictly confined in the DW region while state
S-ND has very small populations on CO molecules
in the DW region. The white holes in the charge den-
sity plots, as indicated by the black and red rings,
represent pipelines of charge density between CO
molecules along the direction perpendicular to the

Figure 3. Energetic evolution of the CO/Cu(100) adlayer with the increasing coverage (a�c). Adsorption energies per
molecule (a) and per surface Cu (b) as functions of coverage. (c) Strain energy density as a function of the compressive strain.
The quadratic fit yields a Young's modulus of ∼33 GPa. (d) Top-views (isosurface is 0.002e/Å2) of the differential charge
density by subtracting individual CO molecules from a constrained CO adlayer in configuration CP7-7. Light-red and blue
colors represent charge reduction and accumulation.
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figure, indicating intermolecular electronic hybridiza-
tion. Such hybridization, different from substrate-
mediated and superatom-orbital-interaction ones,27,28

may provide site- and orientation-specified electron
conducting channels in molecular adlayers.
The vibrational behaviors of adsorbates play impor-

tant roles in a wide range of surface physical and
chemical process. We further discuss the site-specific
vibration frequencies of CO molecules in CP7�7, the
densest phase in our experiments. The four funda-
mental vibrational modes of CO on Cu(111) in the√
2 � √

2 phase had been experimentally identified
by infrared reflection-adsroption spectroscopy (IRAS)
and helium atom scattering.29 The C�O (ν1) and C�Cu
(ν2) stretching modes indicate the vertical interaction
strength of C�O and C�Cu bonds, while the frustrated
rotation (ν3) and translation (ν4) modes represent the
lateral interaction.
Here, we compare these four vibrational frequencies

of COmolecules at CI, DW and ND to identify their site-
specific local environment and properties (Table 2).
The detailed Reflection Adsorption Infrared spectros-
copy (RAIRS) study by J. C. Cook et al. indicated an
evolution of frequency (or energy), width, and peak
intensity of the C�O stretch vibration (ν1) with the
increasing of CO coverage.30 A clear narrowing occurs
initially as the coverage increase to 0.5 ML (the homo-
geneous ordered

√
2 �√

2 phase), and then the peak
broadens again. This is clearly due to the site-specific
adsorption behavior of COs in the inhomogeneous
compressed phases observed and discussed in our

work. Generally, the C�O stretching of CO decreased
from at ND to DW and CI. It is striking that the C�O
stretching is almost same at CI andDW,while the Cu�C
stretching at CI is even larger than that at DW site. This
could be due to the Cu atoms underneath the CO at CI
being 0.02 Å higher than other normal substrate Cu
atoms. The frustrated modes are degenerated in the
normal

√
2�√

2 phase, while split into two submodes
in the compressed 7

√
2 � 7

√
2 phase due to the

directional repulsions. Both the frustration modes
and the separation between the two submodes of
CO significantly increased from at ND to DW and CI.
These site-specific vibrational behaviors of COs in the
compressed phases play important roles in determin-
ing the physical and chemical properties of this funda-
mental adsorption system.

CONCLUSIONS

In summary, the coverage-dependent evolutions of
CO monolayer films were investigated by STM experi-
ments and DFT calculations. We demonstrated that an
exceptionally large Young's modulus of 33 GPa was
achieved in the monolayers, ascribed to the introduc-
tion of substrate confinement. The substrate-molecule
interactions, constraining CO monolayer, provide an
equivalent external pressure of up to 0.25 GPa (in CP5)
and 0.37 GPa (in CP7-7) as derived by DFT calculations.
Local electronic structures and vibrational behaviors of
the CO layer are not homogeneous at the domainwalls
and chiral intersections. Intermolecular wave function
overlap was found in certain electronic states, which
suggests the formation of electron conducting chan-
nels in the CO layer led by substrate-confinement-
induced pressure. These results manifest a feasible
method to introducing in-plane pressure to molecular
(mono)-layers, enabling to tailor the mechanical and
electronic properties of molecular layers.

METHODS
The experiments were performed with an Omicron UHV low

temperature STM system at a base pressure below 10�10 mbar.

The Cu(100) single crystal (MaTeck) was cleaned by repeated
cycles of Neon ion sputtering and annealing at ∼850 K. CO
was in situ deposited onto the Cu(100) surface kept at liquid

TABLE 2. Vibrational Behaviors of CO/Cu(100) in the

Compressed Phase of CP7-7

structures CP7-7

sites CI DW ND NP (exp)33

C�O stretching 1975.21 1975.74 1988.45 2086
(ν1, cm

�1)
Cu�C stretching 310.20 308.14 312.82 345
(ν2, cm

�1)
Frustrated rotation 283.65 279.71 274.03 285
(ν3, cm

�1) 299.54 289.85 276.38
Frustrated translation 86.21 80.75 80.70 32
(ν4, cm

�1) 105.09 87.08 85.00
Figure 4. Projected local density of states for C atoms at DW
(black) and inND (red), which explicitly illustrates the spatial
splittingof the thinfilm into two regions in termsof electron
structures. Other states shown in the LDOS yield similar
features or have comparable populations at both DW and
ND. The charge densities of states S-DW and S-ND residing
at 0.55 and 0.62 eV were plotted as inset.
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nitrogen (LN2) temperature. The coverage of CO molecules
on the surface was controlled by adjusting the dosing time.
The images were acquired at LN2 temperature and with a cut
Pt/Ir tip. The bias voltages referred to in STM images are the
sample voltages.
Calculations were carried out by the general gradient approx-

imation in the form of RPBEfor the exchange-correlation poten-
tial,31 the projector augmented wave method,32 and a plane
wave basis set as implemented in the Vienna ab initio simulation
package.33,34 The energy cutoff for plane-wave basis was set to
650 eV. Six layers of Cu atoms, separated by a 20-Å vacuum
region, were employed to model the Cu surfaces. The molecule
was only put on one side of the slab with a dipole correction. A
10� 10� 1 k-mesh was used to sample the 2D Brillouin Zone of
a
√
2 �

√
2 supercell, while the density of k-meshes keeps for

other supercells. Three times denser k-sampling was applied
to both surface directions in adsorption energy calculations.
In geometry optimization, all atoms except those for the bot-
tom three layers were fully relaxed until the residual force per
atom was less than 0.005 eV/Å. All these parameters ensure the
convergence of adsorption energy in 1 meV per molecule. The
vibrational frequencies of CO at normal domain (ND), domain
wall (DW) and chiral intersections (CI) were evaluated in a
7
√
2 � 7

√
2 supercell by the frozen phonon method. Each

dynamic matrix for calculating vibrational frequencies was
constructed by moving the atoms of a CO molecule. It is much
heavier of a Cu atom than a C or O atom, so that the vibrational
properties shall not be qualitatively affected by the exclusion of
Cu atom in constructing the dynamic matrix.
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