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Low-dimensional H, aggregates have been successfully fabricated on Au(111)
surfaces and investigated by means of low temperature scanning tunneling

microscopy. We use manganese phthalocyanine (MnPc) molecules anchored
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on the Au(111) surface to efficiently collect and pin hydrogen molecules. A
two-dimensional (2D) molecular hydrogen cluster is formed around the MnPc.
The hydrogen cluster exhibits bias-dependent topography and spatial-dependent

conductance spectra, which are rationalized by the exponentially decreasing
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threshold energy with distance from the central MnPc to activate the motion of
the H, molecules. This exponential drop reveals an interfacial phase behavior in

1 Introduction

Molecular hydrogen is widely used today in many of
the largest-volume chemical reactions, all involving
H, catalytic activation [1]. Hydrogen is a diatomic
molecular solid at low pressures and temperatures,
with strong covalent molecular bonds and weak
intermolecular interactions [2]. Solid hydrogen is also
an archetypal quantum solid, characterized by free
rotational states, strong quantum behavior of its nuclei
and large intermolecular anharmonicity [2]. Hydrogen
in reduced dimensions may behave quite differently
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from the bulk because intermolecular attractions can
be weakened [3-5]. Low-dimensional H, aggregates
may reveal rich quantum phenomena and are optimal
for practical reasons as different materials interact via
their surface/boundary, particularly in heterocatalysis.
However, due to its low melting temperature and high
molecular diffusivity, it is difficult to fabricate low-
dimensional H, aggregates. This difficulty has hindered
the investigation of their structural and electronic
properties, the results of which may shed new insight
on the understanding of the surface structure as well
as the quantum properties of solid hydrogen.
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Solid surfaces provide a unique platform for fabri-
cation of novel low-dimensional structures, enabling
direct access of scanning tunneling microscopy (STM)
in real space for exploration of structural and electronic
properties [6, 7]. Previous STM studies have revealed
that H, molecules form a close-packed monolayer with
a hexagonal lattice after intensive dosage of H, gas
on Cu(111) at low temperature (5 K) [8, 9]. However,
to the best of our knowledge, no low-dimensional
nanostructure of H, on a solid surface has been
prepared and imaged in real space, due to the high
mobility of H, molecules.

In this work, we have successfully prepared two-
dimensional (2D) hydrogen clusters on Au(111)
surfaces and investigated their structural and electronic
properties by means of low-temperature scanning
tunneling microscopy (LT-STM). First, we deposited
manganese phthalocyanine (MnPc) molecules on
Au(111) to act as nucleation centers. When sub-
sequently dosed onto the surface, hydrogen molecules
self-assemble into 2D clusters around the MnPc mole-
cules. The 2D clusters exhibit topographic evolution
with bias voltages, in line with their spatial-dependent
conductance spectra. This novel behavior is rationalized
by the spatial-dependent energy barriers required to
change the adsorption conformations of the hydrogen
molecules, revealing an interfacial phase behavior.
Our work demonstrates that foreign organic molecules
can be introduced to efficiently pin and collect
hydrogen molecules on a surface, which facilitates
the fabrication of low-dimensional H, aggregates and
exploration of their novel physical properties and
possible applications.

2 Experimental

Experiments were carried out in an ultrahigh vacuum
(base pressure of 1x107° mbar) LT-STM system
(Unisoku), equipped with standard surface processing
facilities. An atomically flat Au(111) surface was
prepared by repeated cycles of Ar" sputtering and
annealing. Commercial MnPc molecules (Sigma-
Aldrich, 97% purity) were sublimated from a Knudsen-
type evaporator after thermal purification, while the
Au(111) substrate was held at room temperature. The
sample was then transferred in situ into the LT-STM

head held at 4.2 K. Hydrogen molecules (99.999%
purity) were then admitted to the sample surface by
flooding the chamber where the LT-STM head was
located to a pressure of 5 x 107 mbar for 100 min. We
expect that the hydrogen molecules were cold prior
to the adsorption on the gold surface, since direct line
of sight from the ultrahigh vacuum chamber to the
sample surface is long (about 1.2 m) and blocked by a
shutter held at 4.2 K. STM images were acquired in
the constant-current mode, and all given voltages
refer to the sample. Differential conductance (dI/dV)
spectra were collected by using a lock-in technique
with a 5 mV,,, sinusoidal modulation at a frequency
of 973 Hz. All measurements were performed at 4.2 K
with electrochemically etched tungsten tips, which
were calibrated against the surface state of the Au(111)
surface before spectroscopic measurements.

3 Results and discussion

The fabrication of 2D hydrogen clusters using MnPc
anchored on Au(111) is schematically shown in
Fig. 1(a). The MnPc molecule consists of a central
Mn?" ion and a macrocycle of alternating carbon and
nitrogen atoms, exhibiting four-fold symmetry [10-12].
At low coverage, MnPc molecules are predominantly
adsorbed at the elbow sites of the 22x\3 reconstruction
of Au(111) surfaces [13-15]. Prior to hydrogen dosage,
each MnPc molecule exhibits a cross-like structure
(Fig. 1(b)). The protrusion at the center of the MnPc
molecule originates from the dz? orbitals of the central
Mn?* jon, while the lobes are assigned to the four
benzene rings (Fig. 1(b)) [10, 16]. Interestingly, we
observe a depressed periphery of each MnPc molecule
after exposure to H, at a sample temperature of 4.2 K
(Fig. 1(c)). The boundary of the dark area is a four-fold
symmetric trench around the MnPc molecule (Fig. 1(c)),
reflecting the symmetry of the MnPc molecule.

To clarify the detailed structure of the depressed
peripheries of the MnPc molecules, we collect STM
images of the periphery of a single MnPc with a series
of bias voltages. As shown in Fig. 2, the width of the
trench becomes narrower and nearly undistinguishable
at a bias voltage of 40 mV (Fig. 2(g)). Meanwhile,
with decreasing bias voltages a halo develops and
extends from the central MnPc. Round protrusions
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Figure 1 Construction of 2D hydrogen cluster on Au(111). (a)
Schematic of the fabrication of 2D hydrogen cluster using an
MnPc molecule on Au(111). MnPc anchored on Au(111) surface
serves as nucleation center to efficiently collect and pin hydrogen
molecules. (b) STM image of single MnPc molecule prior to
hydrogen dosage. (¢) STM image of single MnPc molecule after
hydrogen dosage at a sample temperature of 4.2 K. The dark trench
around the MnPc molecule indicates the condensates of hydrogen
molecules. Scanning parameters: (b) sample bias U = —200 mV,
tunneling current / = 10 pA; (¢) U=-200 mV, /=200 pA.

can be identified in the halos. We attribute the round
protrusions to hydrogen molecules, as the temperature
for hydrogen molecules to decompose on Au films
is ~80 K [11, 17], much higher than the sample tem-
perature in our experiments. The condensed hydrogen
molecules tend to form a 2D hexagonal lattice
(Figs. 2(g)-2(i)) and the average separation between
the hydrogen molecules around the central MnPc is
~3.8 A, akin to that of bulk solid hydrogen [2, 8]. The
MnPc molecules thus act as nucleation centers to
collect and pin the hydrogen molecules (Fig. 1(a)). The
apparent heights of hydrogen molecules decrease
with increasing distance from the central MnPc, as
revealed by the line profile analysis (Fig. 3(b)). In
addition, the hydrogen molecules far from the central
MnPc are arranged loosely compared to those close to
MnPc (Fig. 3(a)). For instance, the separation between
the hydrogen molecules labeled as 1 and 2 in Fig. 3(a)
is ~3.5 A, while the distance increases to ~4.3 A for the
ones labeled as 2 and 3 (Fig. 3(b)).

Figure 2 Topographic evolution of the 2D hydrogen cluster
with sample bias. (a)—(i) STM images of the 2D hydrogen cluster
around the central MnPc with varying sample bias. The width of
the trench becomes smaller with decreasing bias voltage and nearly
disappears in (g). A halo develops and becomes larger in radius.
The hydrogen molecules are clearly identified as round protrusions
inside the halo in (d)—(i). Scanning parameters: sample bias is
indicated in the figure, / =200 pA, 5.5 nm x 5.5 nm.
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Figure 3 Arrangement and height of hydrogen molecules in the
cluster. (a) High resolution STM image (scanning parameters:
U=-40 mV, I =200 pA, 4.5 nm X 4.5 nm) showing a 2D hydrogen
cluster around the central MnPc molecule. White dots and triangles
represent the positions where d//dV spectra were collected. (b)
Line profile along the dashed line in (a).

Figures 4(a) and 4(b) show the differential con-
ductance (dI/dV) spectra collected along two directions
(A and B shown in Fig. 3(a)) of the 2D H, cluster. Two
symmetric dips located at about +55 meV (indicated
by black arrows) and a small dip at zero bias (zero
bias anomaly) are displayed in the uppermost (purple)
curve in Fig. 4(a). Similar features can be identified in
other dI/dV spectra shown in Figs. 4(a) and 4(b).
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Figure 4 Spatial-dependent d//dV spectra taken on the 2D
hydrogen cluster. (a) dZ/dV spectra (setpoint: [ = 200 pA, U =
—200 mV) taken along the A (dots) direction in Fig. 3(a). The
spectra from bottom to top are measured from the center towards
the edge, and are vertically displaced for clarity. Black arrows
pointing at the symmetric dips indicate the threshold voltage for
transition between different conductance states. (b) d//dV spectra
(setpoint: 7 =200 pA, U =-200 mV) taken along the B (triangles)
direction in Fig. 3(a). The system can lie in a high (H) or low (L)
conductance state separated by Vy,. (c) Two-level-system model
for hydrogen molecule in the STM junction. Above the threshold
voltage, the hydrogen molecule can be vibrationally excited from
the ground state (state I) and relax into the other energy minimum
(state II), resulting in conduction dips in d//dV spectra (see for
example, the dips indicated by the black arrows in the uppermost
(purple) curve in (a)). (d) Dependence of Vy, on distance (x) from
the central Mn®* ion along the A direction in Fig. 3(a) (logarithmic
plot), demonstrating a exponential decay (error bars vary from 0.18
to 0.98, which are too small to be displayed). The red line shows
the exponential fit. 7, is a fitting constant with dimensions of
voltage. The inverse of ¢ (0.63 nm=+0.2 nm) represents the decay
rate of Vy, with distance.

The dips and zero bias anomaly in the dI/dV spectra
suggest that the system possesses complex dynamics
at certain biases. Similar dynamic behavior has been
described by the two-level-system (TLS) model
[8, 18-21]. A TLS has two nearly degenerate states,
separated by a large potential barrier (shown
schematically in Fig. 4(c)). The inelastically scattered
tunneling electrons can inject energy into the system,
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switching the internal degree of freedom of the system
between the two states with low and high conductance.
The hydrogen molecules in the STM junction can lie
in two adsorption states with different conductances,
which can be treated as a TLS. Tunneling electrons
can excite the hydrogen molecules at the threshold
voltages (Vy,), giving rise to an abrupt change in
fractional occupations of the high and low conductance
states, which results in the conductance dips in dI/dV
spectra in Figs. 4(a) and 4(b) [8, 21, 22]. The nearly
symmetric alignment of Vy, with respect to zero bias
indicates that the excitation is a vibrational process
[23, 24]. Normally, the conductance dips will exhibit
a negative value [8, 18, 22], which is not the case in
our data. One possible reason is that the sweep rate
of the voltage when taking dI/dV spectra is not quick
enough to follow the abrupt change in the fractional
occupation of the two states, so that the discontinuity
of the conductance change is smoothed by taking
time average.

The zero bias anomaly can be attributed to a voltage
induced non-equilibrium occupation of the two nearly
degenerate states of the TLS [25, 26]. Alternatively, it
has been proposed that the fast TLS (here “fast” means
that quantum tunneling rate of the system between
the two states is in the range of 1mK to 10K
determined by the uncertainty principle) may show a
Kondo anomaly [27]. Here the spin-flip process of the
normal magnetic Kondo problem is replaced by an
electron-assisted transition between the two states of
the TLS [20, 26]. However, the exact origin of the zero
bias anomaly remains controversial [18, 26].

The bias-dependent topography of the 2D H, cluster
is directly related to its spatial-dependent electronic
structures. As seen in Figs. 4(a) and 4(b), a hydrogen
molecule can stay in different conductance states
depending on the bias voltages. For instance, the
uppermost (green) curve in Fig. 4(b) shows two
different conductance states. The hydrogen molecule
will stay in the high conductance state (indicated by
“H”) when the bias voltage is lower than the Vj
~70 mV. Once the applied bias voltage exceeds this
critical value, the molecule will be excited to the low
conductance state with a high probability (indicated
by “L”). The critical value of Vy, decreases with
increasing separation from the central MnPc (Figs. 4(a)
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and 4(b)). Thus, the hydrogen molecules far from the
central MnPc can only be resolved when the bias
voltage is low enough during STM image acquisition.
The lower the applied bias voltage, the more hydrogen
molecules can be clearly resolved. The increasing
activation bias to the high conductance state from the
inside to the outside of the halo underlies the bias-
dependent topography of the 2D H: cluster around
the MnPc molecule as shown in Fig. 2.

We have already shown that the hydrogen molecules
far from the central MnPc molecule are arranged
loosely compared to those close to the MnPc molecule
(Fig. 3). As the molecular packing of hydrogen is
mainly driven by van der Waals interactions, the
larger intermolecular separation suggests a weaker
interaction between hydrogen molecules. Thus, the
energy barriers to be overcome in order to change
the adsorption conformations of hydrogen molecules
in the 2D clusters decrease from the center to the
boundary of the 2D clusters, which rationalizes the
spatial-dependent evolution of the dI/dV spectra
shown in Figs. 4(a) and 4(b).

The hydrogen molecular clusters around the MnPc
molecules from the inside to the outside of the halo
may be viewed as an interfacial phase between 2D
solid and 2D fluid. The tightly packed hydrogen
molecules close to the central MnPc correspond to
the solid phase. Away from the center, the spatial
ordering of H, molecules becomes weaker and these
H, molecules are not so well distinguished from each
other, leading to blurred protrusions in the STM
images (Fig. 2). The nearly uncorrelated H, molecules
at the edge of, and outside, the halo represent the fluid
phase.

Statistically, the transition from one phase to another
occurs at a surface only one or two molecules thick
[28]. Molecules at the interface are bounded on two
sides by entirely different environments and the
intermolecular forces tend to pull them toward a bulk
phase. A typical example is a droplet of water, which
tends to assume a spherical shape to minimize the
surface area. In the 2D H, cluster, the value of Vy
reflects the strength of the intermolecular forces and
the correlations of the H, molecules with others at a
certain location. As shown in Fig. 4(d), the measured
Vi has an exponential dependence on the distance from

the central MnPc molecule. This exponential decay
reflects the quasi-long-range order in the 2D H, cluster,
i.e., the nearby correlations between H, molecules decay
rapidly at large distances.

4 Conclusions

We have demonstrated that 2D H, clusters, formed
around MnPc molecules anchored on Au(111), exhibit
bias-dependent topography and spatial-dependent
conductance spectra. The 2D H, clusters can be
viewed as an interfacial phase between 2D solid and
2D fluid. The threshold voltage to activate the motion
of the H, molecules decreases exponentially with
distance from the central MnPc, reflecting the quasi-
long-range order in the 2D H, clusters. Our results
demonstrate that foreign organic molecules can
efficiently collect and pin H, molecules on a surface.
The resulting 2D hydrogen clusters provide platforms
to investigate their novel properties and the chemical
reactions of hydrogen on solid surfaces.
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