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D
uring the past several decades, the
self-assembly of chemical species on
metal and semiconductor surfaces

has been a topic of great interest to the sci-
entific community. Self-assembled mono-
layers (SAMs) offer a relatively straightfor-
ward route for surface modification and
tailored chemical functionality, and SAMs
have widespread applications in a variety of
areas from electronics to biosensing. The
organization of atoms and molecules ad-
sorbed on a surface is dependent on a
variety of factors pertaining to interactions
with the surface and between the adsor-
bates themselves;1�4 some aspects to con-
sider include the adsorbate�substrate bind-
ing energy, substrate-mediated and direct
lateral adsorbate�adsorbate interactions,
and charge transfer between adsorbates
and the surface. Surface diffusion, or ther-
mal mobility, is also a key driving force in
SAM formation, and knowledge of how
adsorbates move on a surface is a topic of
great importance. For instance, thiol SAMs
on Au are by far the most widely studied
system in molecular assembly.5�8 Over-
layers are often formed in solution at room
temperature, resulting in structures with
relatively small domain sizes and high
defect densities.5 These defects result in
facile degradation of the SAM; however, it
was shown that thermal annealing treat-
ments lead to domain fusion and defect
“healing”,9,10 which is a direct effect of an
increased rate of lateral diffusion on the
surface and improves SAM stability. On a
related note, Ertl and co-workers examined
the behavior of O on Pt using scan-
ning tunneling microscopy (STM).11 They
showed that at low coverage and 160 K,
chemisorbed O atoms exist as randomly
distributed pairs; however, at lower tem-
peratures (<140 K) the O pairs form clus-
ters and interconnected, one-dimensional

chains on the surface. These observations
elucidated the role of already chemisorbed
O as the active site for the dissociation
of O2: the O2 molecules adsorb in a mobile
precursor state, diffuse to the active site
where O�O bond splitting occurs, and
become frozen in place as the chemisorbed
O species.11 Thus, thermally activated ad-
sorbate diffusion can play an important role
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ABSTRACT

Atomic and molecular self-assembly are key phenomena that underpin many important technologies.

Typically, thermally enabled diffusion allows a system to sample many areas of configurational space,

and ordered assemblies evolve that optimize interactions between species. Herein we describe a

system in which the diffusion is quantum tunneling in nature and report the self-assembly of H atoms

on a Cu(111) surface into complex arrays based on local clustering followed by larger scale islanding of

these clusters. By scanning tunnelingmicroscope tip-induced scrambling of H atom assemblies, we are

able to watch the atomic scale details of H atom self-assembly in real time. The ordered arrangements

we observe are complex and very different from those formed by H on othermetals that occur inmuch

simpler geometries. We contrast the diffusion and assembly of H with D, which has a much slower

tunneling rate and is not able to form the large islands observed with H over equivalent time scales.

Using density functional theory, we examine the interaction of H atoms on Cu(111) by calculating the

differential binding energy as a function of H coverage. At the temperature of the experiments (5 K),

H(D) diffusion by quantum tunneling dominates. The quantum-tunneling-enabled H and D diffusion is

studied using a semiclassically corrected transition state theory coupledwith density functional theory.

This system constitutes the first example of quantum-tunneling-enabled self-assembly, while

simultaneously demonstrating the complex ordering of H on Cu(111), a catalytically relevant surface.

KEYWORDS: hydrogen . quantum tunneling . diffusion . self-assembly . STM .
Cu(111)
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in our understanding of both self-assembled and

catalytic systems.
The quantum-tunneling-enabled diffusion of ad-

sorbates was previously observed on a variety of
surfaces by field emission microscopy,12�16 optical
diffraction,17�20 and STM.21�23 Typically, scanning
probe investigations of diffusing species have focused
on individual, isolated atoms and molecules;21�26

however, the interaction and self-assembly of atoms
are also of great interest. In this manuscript, we report
an experimental and theoretical study of the self-
assembly of H atoms into complex and dynamic
arrangements on a Cu(111) surface. The use of Pd/Cu
single atom alloys allows us to uptake a significant
amount of H(D) onto a Cu surface, as compared to the
single H(D) atom studies performed by Ho and co-
workers.21 Combining low-temperature STM with
density functional theory (DFT) calculations, we find
further support for the quantum tunneling diffusion
of H(D) adatoms. We discuss the influence of short-
and long-range interactions that lead to complex
assemblies of H(D) atoms. We show that the short-
range interactions result in a stabilization of dimers on
the 0.3 nm scale; this phenomenon is especially
apparent in the case of D. The tunneling rate of H is
orders of magnitude faster than D, allowing H to form
large islands due to a weaker long-range interaction
between small clusters, which, as we show in the case
of D, are dominantly dimers. The experiments de-
scribed herein were performed at 5 K, well below the
temperature regime for activated diffusion, and all of
the diffusion and self-assembly observed is quantum
tunneling enabled. Differences in rates of motion of
H(D) monomers can be explained, not in terms of the
barrier height (i.e., as in classical, thermal diffusion),
but in terms of tunneling probability, which depends
on the barrier height and width, as well as particle
mass. Also, the relative energies of the initial and final
state levels have an important effect on the tunneling
efficiency.22,27�29

RESULTS AND DISCUSSION

The dissociative adsorption of H2 on Cu(111) is
known to be an activated process, with a barrier on
the order of 400 meV;30 however, we have recently

shown that this barrier can be reduced by adding

isolated Pd atoms to the top layer of the Cu(111) metal
surface.31,32 Using this alloy system with a Pd coverage

of 0.01 monolayers (ML), we populated a Cu surface

with H(D) adatoms, as shown in Figure 1. All data

were recorded on Cu(111) terraces far (>20 nm) from
the alloyed regions of the surface and as such repre-

sent clean Cu(111) as evidenced by the electron stand-

ing waves visible in most images. H(D) atoms appear in
STM images as shallow depressions (∼10 pm) on the

Cu surface due to the lower electron tunneling prob-

ability through the H(D) atom-metal complex as com-

pared to the bare metal at energies close to the Fermi
level (typically <100 meV).21,33

Low-temperature STM imaging offers an advantage
in that processes that are normally quite rapid at
room temperature are significantly slowed; thus, at 5 K
we are able to follow adsorbate diffusion by repeated
imaging of the same area. The time-lapse sequence of
images in Figure 1 depict the result of adatomdiffusion
for H (top row) and D (bottom row). These images were
taken from STMmovies recorded over several hours of
continuous scanning. Each image took ∼1 min to
acquire; the H and D systems are shown at 10 min
intervals. To minimize perturbation by the STM tip we
qualitatively examined surface diffusion as a function
of tunneling current and found no discernible differ-
ence for the diffusion rate of H atoms in the 20�50 pA
current range. At tunneling currents >70 pA we noted
an increase in the diffusion rate. Therefore, all diffusion
rate measurements were performed at 50 pA and
30 mV. These gap conditions are in line with the
nonperturbative tunneling conditions used by Wilson
Ho and co-workers in their study of H and D on
Cu(100).21 The H(D) diffusion STMmovies are available

Figure 1. Time-lapse STM images of H (top) and D (bottom) on Cu(111) at 5 K. Time between images is 10 min. Scale
bars = 5 nm.
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as Supporting Information. In the case of H, we note
that there is clear evidence for diffusion in the center
and along the edges of the islands, and we observe
that the island perimeters vary significantly over time.
Conversely, there is very little diffusion of the D fea-
tures over a similar 40 min interval. These data sug-
gest that under identical scanning conditions and sur-
face temperature, the diffusion rate of H is much faster
than that of D.
The H islands were scattered by the STM tip when

perturbative scanning conditions were employed. The
effect is depicted in Figures 2A,B, where a gap voltage
of 150 mV was deliberately used while scanning in
order to disrupt the H islands and disperse themon the

Cu terrace. Critically, upon continuing to scan under
normal conditions (30 mV, 50 pA), reformation of
the H island assemblies was observed as shown in
the images in Figures 2C�F, which show the system at
90 min intervals. An STM movie of the H atom self-
assembly is also available in the Supporting Informa-
tion. These data clearly demonstrate that there is an
attractive interaction between H species, and further
characterization, described below, shows that the
depressions seen in STM images are not in fact solely
H monomers, but H monomers and clusters.
Figure 3 shows STM images of H on Cu(111) in which

H atoms form small clusters that appear as depressions
and congregate into islands. In this system (Figure 3A),

Figure 2. (A) STM image of H islands on Cu(111); the islands were dispersed by scanning at 150 mV, resulting in the system
shown in panel B. (C�F) Time-lapse STM images showing the reassembly of H islands over 270 min at 5 K recorded using
nonperturbative voltage and current. Scale bar = 5 nm.

Figure 3. (A) STM image showingH clustering and islanding on the Cu surface. The red inset (B) shows the streaky appearance
of a H monomer, which is diffusing much faster than STM imaging. The blue insets show two H monomers (indicated with
black arrows) at the edge of an island both (C) before and (D) after diffusing away (time elapsed between panels C and D is
108 s). (E) Plot showing residence time data for H monomers; the rate of monomer diffusion can be estimated based on the
exponential fit to the data. Scale bar = 3 nm.
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large islands of H clusters withwell-defined boundaries
are present. Occasionally, smaller features corres-
ponding to H monomers appear at the island edges
(Figure 3C), typically as a result of cluster splitting;
however, these H monomers are transient and diffuse
away by the next image (Figure 3D). Absolute cluster
sizeswere not easily determined in theH systemdue to
rapid diffusion of H monomers during cluster splitting.
However, the identities of D clusters were easier to
investigate due to the slower motion in that system.
Figure 4A shows D atoms on Cu(111) after the uptake
of D2 and cooling to 5 K demonstrating that the D
atoms congregate into small clusters, but that the
clusters do not assemble into islands. Figure 4 panels
A and B show the D system before and after a dimer
was split to monomers using a 100 mV pulse from the
STM tip. From these images, it is clear that the D
monomers and dimers appear differently on the Cu
surface. Topographic line scans of a dimer pre- and
post-splitting and that of an intact dimer (confirmed
with voltage pulse after the image was recorded) are
shown in Figure 4C. From this data we see that D
monomers appear approximately two-thirds as deep
as the dimers. The capability of using the STM tip to
split each D feature into individual monomers with
voltage pulses provided us with a reliable and straight-
forward way of determining D cluster size (i.e., number
of atoms). Through interrogation of 400 D features, we
reveal that themajority of these species aremonomers
(37%) and dimers (49%), with larger clusters being less
common. A histogram showing the relative abun-
dances of D cluster sizes is shown in Figure 4D.
Using DFT we have modeled the interactions be-

tween H atoms on Cu(111) by calculating the differ-
ential binding energy as a function of H coverage
for 1/9�7/9 monolayers (Figure 5). Consistent with
previous reports, our calculations show that the most

stable adsorption site for H is a 3-fold hollow.34 In the
most stable 2H configuration, the H atoms are ar-
ranged so that the secondH atom is in the third nearest
neighbor (3NN) position at a separation of 0.30 nm
from the first one. This finding of an attractive 3NN
interaction is consistent with previous calculations for
H on Ni(111).19,35,36 With the two H atoms arranged in
this manner, one occupies an fcc 3-fold hollow site,
while the other occupies an hcp 3-fold hollow site. If
the second H atom is frozen in the second nearest
neighbor (2NN) fcc position, the energy penalty is
∼40 meV.26 Also, according to our calculations, the
fcc�hcp paired (2H) configuration is slightly more
stable (by 20 meV) than the isolated atom (1H) and is
the most stable low coverage (<0.5 ML) geometry
examined. This result could explain why we observe
both H and D in the form of clusters consisting pre-
dominantly of two atoms.
From high-resolution STMmovies taken over several

hours, the motion of H(D) monomers on Cu(111)
was followed and the diffusion rate k was quantified.
Figure 3 shows STM images in which H monomers are
visible. These H monomers diffuse rapidly even at 5 K
and move much faster than the time resolution of STM
under normal scanning conditions, where each image
requires 54 s to capture (imaging rate of 180 ms per
line). Thus, H monomers appear as streaks of different
thickness, as shown in Figures 3A,B. Due to the fast
diffusion rate of isolatedH atoms compared to the time
scale of STM imaging, it was imperative to maximize

Figure 4. STM images showingDmonomers and clusters on
a Cu surface both (A) before and (B) after a dimer split into
two monomers as the result of a low-voltage pulse with the
STM tip. Scale bars = 3 nm. (C) Topographic profiles for lines
shown in panel A (solid black) and B (dashed red) reveal that
the monomer and dimer also differ in their apparent depth.
(D) Histogram showing the relative abundance of D cluster
types found on an unperturbed surface.

Figure 5. Schematics showing (A) the top viewof the lowest
energy configurations for H on Cu(111) for 1/9 to

7/9 mono-
layers and (B) the differential binding energy as a function
of coverage (θH) in monolayers (ML) for H on Cu(111). The
red dashed line indicates relative energy for H2(g). Large
yellow and small white spheres denote Cu and H atoms,
respectively.
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the instrument's temporal resolution. The time per
line TL is the product of TR, the raster time (i.e., time
required for each pixel), and p, the number of pixels per
line. Even with very fast scanning rates (15 ms/line),
it was not possible to capture an image of complete H
atoms before they moved on the surface. However,
it was possible to determine the residence time of
the atom before it moved by measuring the width of
the feature in the slow scan direction before the next
diffusional hop, that is, for how many line scans it was
stationary. In this way the residence time of H atoms
was measured, and the data was fit to an exponential
plot with the formula y = R exp�λt, where λ gives the
hop rate (Figure 3E). From 252 H hop events, we
calculate k(H) ≈ 30 Hz. Due to the time-resolution of
our instrument, in which the fastest scan speed to yield
reliable data is 15 ms per line, this value suggests a
lower limit for k(H). Unlike H monomers, D monomers
diffuse slowly enough that these short-range diffusion
events were easily captured, and k(D) wasmeasured to
be 3.2 ( 0.5 mHz, well below k(H). The rate of D dimer
(2D) diffusion wasmeasured to be 0.5( 0.4mHz; these
events included motion of the entire 2D species,
as well as 2D splitting into monomers. The large error
results from the low event frequency, which is an
order of magnitude lower than for D monomers. It
was previously established with energy electron loss
spectroscopy (EELS)37 and inelastic electron tunneling
spectroscopy (STM-IETS)21 that the H-Cu(D-Cu) vibra-
tional stretch lies at 70(51) mV. The experiments here
were performed at an imaging voltage of 30 mV,
below the vibrational excitation energy in order to
minimize the tip's influence on the diffusion rate. A
similar set of nonperturbative tunneling conditions
(40 mV, 100 pA) was used for the study of H(D) on
Cu(001) by Ho and co-workers.21 These facts, coupled
with the slow motion observed in our D atom control
experiments, allow us to conclude with reasonable
certainty that the majority of the diffusion motion
in the system arises from quantum tunneling of the
adsorbates.
To elucidate the different behaviors of H and D

diffusion at 5 K as observed in experiments, we calcu-
lated the diffusion rate of H(D) monomers and dimers
on Cu(111). For H monomer diffusion on Cu(111), the
calculated classical barrier height is 0.13 eV. At the
experimental temperature of 5 K, the thermally acti-
vated diffusion rate calculated by the transition state
theory, kTST(T) = νTST(T) exp(�Ea/(kBT)), is on the order
of 10�102 Hz, which is infinitesimally small and can be
ignored. After introducing the tunneling correction
within the SC-TST approach, the calculated diffusion
rate for the Hmonomer is 1.4� 105 Hz, while the value
for the D monomer is ∼103 Hz. The calculated diffu-
sion rate ratio of H and D at 5 K, kTST(H)/kTST(D) = 145,
is in qualitative agreement with the experimental
value of ∼104. This explains why fast H diffusion was

observed in low-temperature STM experiments at
5 K, while D diffusion is much slower, as shown in
Figure 1.
To gain further insight into the slower D dimer (2D)

diffusion compared with that of D monomer, we con-
sidered different diffusion pathways of a H(D) dimer.
We first considered local motion in the form of dimer
rotation around the central atom, in which the starting
and ending 2H(2D) configurations were identical with
one atom in an fcc site and the other in the 3NN, hcp
site. In the case where both atoms move simulta-
neously, the calculated Ea is 0.31 eV, more than twice
what was calculated formonomer diffusion. In the case
where the atoms move consecutively, the first motion
results in a motion of a H(D) from the hcp site to the
neighboring fcc site with Ea ≈ 0.16 eV, and the second
motion brings the other H(D) from the fcc site to
the neighboring hcp site and returns the system to
the lower energy arrangement with Ea ≈ 0.12 eV.
On the basis of these calculations, we propose that
dimer diffusion follows the consecutive pathway, as
the barrier for concerted motion is quite high. We also
examined dimer separation (splitting) in which one
atom moves from the 3NN hcp site to the fourth
nearest neighbor (4NN) fcc site. Our calculations show
that this separation results in a configuration that is less
stable than the 3NN arrangement by ∼0.04 eV and
has a barrier of∼0.16 eV. For the first step motion of D
dimer diffusion (i.e., the step with a higher barrier of
0.16 eV) in the consecutive pathway, the calculated
diffusion rate is 6 Hzwithin the SC-TST approach, which
is 150 times slower than that of Dmonomer. This result
qualitatively agrees with the experimental data and
explains why the diffusion of D dimers is slower than
that of D monomers.

CONCLUSIONS

The diffusion of H and D on Cu(111) was explored
using STM at 5 K and periodic, self-consistent DFT
calculations. We demonstrate that diffusion of both
species at low temperature is enabled primarily by
quantum tunneling. We also show the tunneling-
enabled self-assembly of H(D) atoms, which can be
explained in terms of local attractive pairwise interac-
tions between atoms and leads to cluster formation.
This stabilization also results in a slower rate of diffu-
sion of clusters, as explicitly shown in the case of D. In
the case of H, which diffuses fast due to higher tunnel-
ing probability, the ∼2H clusters aggregate into large
islands of clusters that remain intact but constantly
change in shape. D clusters, in contrast, have a much
slower tunneling rate; hence, large scale self-assembly
of D clusters was not observed over the time scale of
our experiments. Given the difference in tunneling
rates, we would presumably have to watch a D atom
sample at 5 K for a period of >10000 h in order to
directly observe the same large scale self-assembly of
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islands of D clusters as was seen for H. What is perhaps
most remarkable about our experiment is that unlike a
thermally assisted self-assembly process in which higher
order structures are “frozen out” as the temperature
drops, quantum tunneling occurs down to 0 K. All the
H atoms in the structures we observe are subject to
constant quantum tunneling drivenmotion, but the self-
assembled islands persist in a dynamic state and actually

grow over time. To our knowledge, this study represents
the first evidence for quantum-mechanical-tunneling
enabled self-assembly of any species. Furthermore, the
complex ordering behavior of H(D) atoms on a Cu(111)
surface gives new physical insight into this important
species on a catalytically relevant surface, revealing a very
different picture of the geometry of H on Cu(111) as
compared to all other metal surfaces studied to date.

EXPERIMENTALANDCOMPUTATIONALMETHODS
All STM experiments were performed in ultrahigh vacuum

(UHV) using a low-temperature microscope manufactured by
Omicron NanoTechnology. Imageswere acquired at 5 K and at a
base pressure <1 � 10�11 mbar. The instrument incorporated
a separate preparation chamber in which cleaning and Pd
deposition were performed. The Cu(111) single crystal was
prepared by cycles of Arþ sputtering and high temperature
anneals, as previously described elsewhere,38 and cleanliness
was verified by STM imaging. Pd was deposited onto the clean
Cu surface by physical vapor deposition using a Focus EFM
3 UHV electron beam evaporator. Hydrogen and deuterium
gas were introduced to the clean sample at 5 K followed by
a thermal anneal to 80 K. The sample was again cooled
to 5 K for imaging. STM images were recorded at a sample
bias range of 30�50 mV and a tunneling current range of
30�90 pA.
Periodic, self-consistent DFT calculations were performed

using the VASP code39,40 with the projector augmented wave
(PAW) potentials.41,42 The generalized gradient approximation
(GGA-PW91)43 was used to describe the exchange-correlation
functional. The electron wave function was expanded using
plane waves with an energy cutoff of 400 eV. The Cu(111)
surface was modeled by a (3 � 3) surface unit cell in a slab
with five layers of Cu atoms. A vacuum layer equivalent to six
atomic layers along the z-direction was used between any
two successive images of the slab. The calculated optimized
lattice constant of a0 = 3.64 Å was used for the Cu slab. The
Brillouin zone of the Cu(111)-(3 � 3) surface was sampled by
an (8 � 8 � 1) k-point mesh based on the Monkhorst-Pack
scheme.44 Convergence with respect to the energy cutoff,
k-point set, and number of metal layers in the slab was
confirmed. The adsorbates and top three Cu layers of the
slab were allowed to relax, while the bottom two layers were
kept fixed. All atoms except for the fixed ones were fully
relaxed until the Hellmann�Feynman forces were smaller
than 0.01 eV/Å. The climbing image nudged elastic band
method (CI-NEB)45 was used to calculate the diffusion bar-
riers. Vibrational frequencies were calculated by diagonaliz-
ing the Hessian matrix with the finite difference approach
and a step-size of 0.015 Å.
The hopping rate of H(D) on Cu(111) was calculated using the

semiclassically corrected transition state theory (SC-TST) follow-
ing the Fermann and Auerbach approach.46,47 Within the SC-
TST framework, the hopping rate at temperature T is given by
the equation kSC‑TST = kTSTΓ(T), where kTST is the transition state
theory rate constant, and Γ(T) is the tunneling correction factor.
The transition state theory rate constant kTST can be expressed
as kTST(T) = νTST(T) exp(�Ea/kBT), where the attempt frequency
νTST(T) can be calculated by eq 1,

vTST(T) ¼
Q3N
i¼ 1

vi sinh(hvi=2kBT)=(hvi=2kBT )

Q3N�1
j¼ 1

v‡j sinh(hv
q
j =2kBT)=(hv

q
j =2kBT )

(1)

Here Ea is the classical barrier height, h is the Planck constant,
kB is the Boltzmann constant, and vi(vj

q) are the real vibrational
frequencies of the initial (transition) state. The tunneling correc-
tion factor Γ(T) is given by eq 2,

Γ(T) ¼ exp(EZPEa =kBT)

1þ exp(2πEZPEa =hjvqF j)
þ 1
2

Z πEZPEa =hjvqF j

�¥
dθ exp

hjvqF jθ
πkBT

 !
sech2θ

(2)

where Ea
ZPE is the zero-point-energy-corrected classical barrier

height, and vF
q is the imaginary frequency of the transition state.
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