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Evaluation of pH at Neutral Lipid/Water Interfaces by Heterodyne-detected

Electronic Sum Frequency Generation

Achintya Kundu, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

The biological membrane is the boundary of a
biological cell.
components of the biological membrane is neutral

One of the main structural

lipid. The pH at the biological membrane is
important for the formation of the membrane and
the functional activity of the membrane. Therefore,
it is essentially important to know the interface pH
at the biological membrane.

the
lipid/water interfaces which mimic the biological

We evaluated interface pH at the
membrane. The lipid/water interfaces were formed
with lipids adsorbed at the air/water interface with
their hydrophobic acyl chains pointing up towards
the air and their hydrophilic head groups pointing
down towards the bulk water." pH spectrometry
was applied to the lipid/water interfaces to
evaluate the pH at the lipid interfaces using
heterodyne-detected electronic sum frequency
generation (HD-ESFG) and a pH indicator.2® The
pH indicator was coadsorbed at the lipid/water
interfaces with its alkyl chain aligned with the
lipid acyl chains and its chromophore facing
towards interfacial water. Figure 1 shows the
and the
representation of the experimental configuration.

lipid/water interface schematic
We chose a surface active pH indicator,
4-heptadecyl-7-hydroxycoumarin (HHC). Figure
2a shows the acid-base equilibrium of the pH
indicator. Studies were performed at the water
interface with each of two neutral model lipids,
shown in Figure 2b, 1,2-dipalmitoyl-sn-glycerol
(DPG, nonionic) 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, zwitterionic).
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Fig. 2 (a) Acid-base equilibrium of the pH
indicator, HHC. (b) Chemical structure of the
two model lipids: DPG (nonionic) and DPPC
(zwitterionic).



Figures 3a and 3b shows the interface . 42 (a) Imaginary Part
selective electronic y® spectra of the pH indicator R -
at the nonionic DPG/water interface. Imy® £ — 62
spectra (imaginary part of the »® spectra) exhibit ; — 98
an absorptive spectral feature, and these can be =
interpreted in the same way as UV-visible ag
absorption spectra under the present two-photon
resonant and one-photon nonresonant conditions.’ 2
The Imy® and Rey® (real part of the »*® spectra) X0 (b) Real Part
spectra exhibit isosbestic points approximately at Bulk oty
350 nm and 380 nm, which indicate only the < -
acid-base equilibrium at the lipid/water interface. € — %
By analyzing the bulk-pH dependence of the @‘: 0
% spectra, the bulk pH at which [HA] = [Alis &
determined as 9.3. Generally, the pH is equal to | . | e J
the pK, (negative logarithm of the acid 340 360 380 400 420 440
dissociation constant) when [HA] = [A]. o+ o, Wavelength (nm)

However, this bulk pH at which [HA] = [A] is
not the pK, of the pH indicator at the DPG/water
interface, because the pH is measured in the bulk.

Fig. 3 (a) Imaginary and (b) real parts of the @
spectra of the pH indicator at the DPG/water
interface. Black, red, green, blue, and pink lines

represent spectra obtained at bulk pH 6.2, 9.1,
The pK, is equal to the standard reaction g5 109 and12.7 respectively.

Gibbs energy of HA— H* + A~ divided by RTIn10.

The standard reaction Gibbs energy is given as a function of the effective relative dielectric constant of
the surrounding medium which can be estimated by the solvatochromism of A™. The peak wavelength of
the Imy®® spectrum of A~ in Figure 3a allows us to estimate the effective relative dielectric constant of
the DPG/water interface as 25. From this effective relative dielectric constant, the pK, of the pH
indicator at the DPG/water interface is evaluated as 10.1. Because this pK, should be equal to 9.3 + A, A
is obtained as +0.8. Similarly, we also estimate the pH at the zwitterionic lipid DPPC/water interface
and find it to be lower than bulk by 0.6 pH units.

Although, both DPG and DPPC are neutral lipids, the pH at the DPG/water interface is higher than
that in bulk whereas the pH at the DPPC/water is lower than that in bulk. This work clearly shows that
the interface pH is substantially deviated from the bulk pH and that it changes largely depending on the
head group of the lipids.

Assuming interfacial pH = bulk pH + A, pK, is
obtained as 9.3 + A.
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Water Structure at Nonionic Lipid/Water Interfaces Revealed by Heterodyne-Detected

Vibrational Sum Frequency Generation Spectroscopy

Aniruddha Adhikari, Satoshi Nihonyanagi, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

Despite its presence in nature and importance in many processes of biological relevance, our
knowledge about lipid/water interfaces remains rather limited. This is chiefly due to difficulties in
experimentally detecting such interfaces with sufficient molecular level sensitivity. Heterodyne-Detected
Vibrational Sum Frequency Generation (HD-VSFG) is a novel nonlinear spectroscopic tool which allows us
to overcome these difficulties and gain useful insights into lipid/water interfaces. The HD-VSFG experiment
is capable of determining the complex second order nonlinear susceptibility (x®) spectrum of a given
interface. The imaginary part of ¥ (Imy®) spectrum is a interface analogue of absorption spectrum in bulk
hence it provides rich information about interfacial molecules. Furthermore, the sign of a resonance band in
an Imy® spectrum provides a direct information about whether the interfacial molecule is oriented with its
dipole pointing towards or away from the interface. Using HD-VSFG, we have previously studied interfaces
between water and anionic, cationic and zwitterionic lipids and clarified the orientation and hydrogen-bond
structure of water at these ionic lipid/water interfaces.™? In these ionic lipid interfaces, the overall orientation
of interfacial water molecules was found to be governed by the charge or the local charge distribution present
on headgroup moieties. In this work, we extend our HD-VSFG study of lipid/water interfaces and study the
structure of water at a nonionic lipid/water interface.

Figure 1 shows the chemical structure of the nonionic lipids and amphiphiles chosen for
investigation.
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Figure 1. Chemical structures of a) C18-Ceramide; b) 1,2-dipalmitoyl-sn-glycero-3-galloyl; c) Cholesterol; d)
Octadecanol

We used isotopically diluted water in our studies to minimize the effect of intra/intermolecular
couplings in the Imy® spectra and thus allow a straightforward interpretation of the spectrum.

Figure 2 shows the Imy® spectra of water (HOD) surface covered by a monolayer of the lipid or
amphiphile in the OH stretch region. The positive sign of the OH band indicates that the water at the
interface of such nonionic species adopts net H-up orientation despite the absence of a charge on the lipid or
amphiphile headgroup. The trend is observed to be common for all the four molecules studied despite
substantial differences in chemical structure. Positive sign for the OH band was obtained in all the cases.
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Figure 2. Imy@® spectra of a) C18-Ceramide; b) 1,2-dipalmitoyl-sn-glycero-3-galloyl; c) Cholesterol; d)

Octadecanol monolayers on 20% HOD-D,0 at air/water interface. All measurements in s-,s-,p- configuration.

All the molecules studied in this work bear headgroups that contain the hydroxyl functional group.
The results in Figure 2 suggest that the hydroxyl oxygen in the headgroup is capable of behaving as an
acceptor of hydrogen bond from the interfacial water molecules thus rendering their H atoms directed
towards the headgroup’s oxygen (thus favoring a net “H-up” orientation). It is concluded that the orientation
and structure of interfacial water molecules in the vicinity of nonionic lipids is governed by scope of
hydrogen bonding and is very different from that of zwitterionic lipids.

[References]
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Substituent effect on the MLCT excited-state dynamics of Cu(l) complexes
studied by femtosecond time-resolved absorption spectroscopy
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Bis-diimine Cu(l) complexes have been attracting a
great deal of attention from the viewpoints of both
fundamental science and applications. The

photophysical/photochemical properties of the Cu(l) — [Cuhem.]” [Cu(dmphen),] * (Cu(dpphen),]

complex are closely related to the flattening distortion  Figure
occurring in the MLCT excited state, and are

1. Molecular  structures of three

bis-phenanthroline Cu(l) complexes.

significantly affected by substituents introduced at the 2-, and 9-positions of the ligands. Previously, we

investigated the excited-state dynamics of three Cu(l) complexes with different substituents, [Cu(phen),]’,

[Cu(dmphen),]*, and [Cu(dpphen),]” (Figure 1), by femtosecond time-resolved emission spectroscopy, and

revealed that the flattening distortion becomes slower for the complex having bulkier substituents [1].

However, the substituent effect on the ultrafast dynamics of the bis-diimine Cu(l) complexes has not yet

fully clarified, because the femtosecond emission spectroscopy can
detect only emissive states. In fact, the relaxation pathway of
[Cu(phen);]* has remained unsolved, since no emission was
observed from transient states after the flattening distortion.
Therefore, it is highly desirable to examine and compare the
MLCT excited-state dynamics of the three Cu(l) complexes by
complementary femtosecond time-resolved absorption
spectroscopy for full understanding of the substituent effect. In
this study [2], we carried out femtosecond time-resolved
absorption measurements of the three Cu(l) complexes with the S;
S, photoexcitation. Unlike the data reported so far, the direct
S;: < Sy excitation in our measurement made the observation
simpler and interpretation straightforward. Furthermore, we also
performed time-resolved absorption spectroscopy with 35-fs time
resolution to observe the coherent nuclear dynamics in the MLCT
states, which clarifies the vibrational dephasing in the initial
excited state.

As shown in Figure 2, the transient absorption of [Cu(phen),]”
in dichloromethane exhibited a positive band at 570 nm due to the
S; absorption immediately after the S;<—S, photoexcitation. The
570-nm band showed a slight intensity increase with a time
constant of 0.2 ps, reflecting the flattening distortion in the S; state.
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Figure 2. (a) Steady-state and (b-d)
femtosecond  time-resolved  absorption
spectra of [Cu(phen),]* in dichloromethane
(550 nm excitation, 2 mM).



The transient absorption of the flattened S, state was clearly observed, although its fluorescence was not
observed in our previous femtosecond up-conversion measurement in the visible region. The transient
absorption due to the flattened S, state decayed with a time constant of 1.8 ps, and the bleaching of the Sy
state recovered accordingly. This observation clarifies that the S; state of [Cu(phen),]" is predominantly
relaxed to the So state by internal conversion. On the other hand, the transient absorption of
[Cu(dpphen),]* showed a 0.9-ps intensity increase of the S; absorption due to the flattening distortion, and
then exhibited a 11-ps spectral change due to the intersystem crossing. This excited-state dynamics of
[Cu(dpphen),]* is very similar to that of [Cu(dmphen),]". In the ultrafast pump—probe measurements
with 35 fs time resolution, [Cu(phen),]* and [Cu(dpphen),]* exhibited oscillation due to the nuclear
wavepacket motions of the initial S; state, as observed before for [Cu(dmphen),]” (Figure 3). It was
found that the dephasing time of the oscillation agrees well with the time constant of the flattening
distortion in each complex. This result indicates that the initial S; states have well-defined vibrational
structures and that the vibrational coherence is retained in their short lifetimes.

(b) [Cu(dpphen),]” in CH,Cl,

(a) [Cu(phen),]” in CH,CL

o
T

0.2+

=

= a
o (=}
E oo/ R¥HI+ - - L - ——— 1 ETf
4] I (4]
) an
5 S 2t
= £
Q g2k o
=] 1 e] 1 -
<< <
0.4} Far L L 0-J
0.5 1.0 1.5 20
; Time delay /ps |
0 1 2 3 0 1 2 3
Delay Time / ps Delay Time / ps

Figure 3. Pump-probe traces of (a) [Cu(phen),]* and (b) [Cu(dpphen),]" in
dichloromethane (pump: 550 nm, probe: 1000 nm).

The obtained time-resolved data revealed that the relaxation scheme of [Cu(phen),]” is significantly
different from those of the other two complexes. We consider that the difference arises from different
magnitudes of the structural change occurring in the S, state.  Since [Cu(phen),]* has no substituents, it
can undergo a large structural change, becoming close to the square-planar structure. As a result, the Sg
and S; potential energy surfaces get energetically close at the flattened structure, which significantly
accelerates the S;—S, internal conversion over other competing relaxation pathways such as intersystem
crossing to the T state. In the other [Cu(dpphen),]” and [Cu(dmphen),]*, such an extensive flattening
distortion is prohibited by the steric hindrance due to the substituents at the 2- and 9-positions of the
ligands. Thus, the internal conversion rate is much smaller than the rate of intersystem crossing, so that
the flattened S, state relaxes predominantly to the T, state. The present study accounts for the difference
in the relaxation pathways of the three Cu(l) complexes depending on the substituents, and provides a
unified view for the substituent effect on the ultrafast dynamics of the MLCT excited state.

[1] M. Iwamura, S. Takeuchi, T. Tahara, Phys. Chem. Chem. Phys. 16, 4143 (2014).
[2] L. Hua, M. lwamura, S. Takeuchi, T. Tahara, Phys. Chem. Chem. Phys. 17, 2067 (2015).
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Direct observation of adsorption geometry for the van der Waals adsorption of a
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Understanding the interfacial interaction between m-conjugated hydrocarbon (n-CHC) molecules and metal
surfaces is of great importance not only in the field of fundamental surface science but also other application
areas such as organic electronics [1-4]. Indeed, n-CHC molecules and gold (Au) as an electrode are receiving
much attention as promising materials due to high charge-carrier mobility and a low hole-injection barrier,
respectively. Extensive efforts, therefore, have been devoted to study the interfacial interaction with various n-
CHC molecules, such as benzene, pentacene, perylene, and coronene, on the noble Au(111) surface which is the
most chemically inert and most densely packed facet of Au. Photoemission studies have observed their weak
van der Waals (vdW) adsorption characters, where the molecular n-states are preserved and accompanied with
molecular level broadening, and have suggested that the pillow effect (i.e., electron density polarization at the
interface) mainly contributes to the formation of interface dipole [3,4]. Nevertheless, the detailed interfacial
electronic structures and precise adsorption geometries at the atomic scale have not yet been clarified for the
vdW adsorption process of a t-CHC molecule onto the noble metal surface. It is because a vdW potential
minimum of the process has been considered too shallow to determine a specific adsorption configuration of a
n-CHC molecule on the noble metal surface.

Single-molecule studies using scanning tunneling microscopy/spectroscopy (STM/STS) have
contributed to revealing interfacial electronic and geometric structures at organic-metal contacts in detail.
However, in the case of the vdW adsorption of a single n-CHC molecule on Au(111), only few STM/STS studies
have been reported, and the correlation between adsorption geometry and interfacial electronic structures has
still been veiled due to the weak adsorption characters. As a representative example, although Soe et al.
successfully observed the interfacial electronic structures of the single pentacene molecule on a relatively
reactive elbow site of herringbone reconstructed Au(111), a precise adsorption configuration could not be
discussed due to an undefined local surface structure at the elbow site [5].

In this work, we provide a first direct observation of adsorption geometry of a well-designed n-CHC
molecule, i.e., dehydrobenzo[12]annulene (DBA), on Au(111) using an atomically-resolved STM study
combined with vdW density functional (vdW-DF) methodology. Our observations on an atomically-resolved
scale clearly indicate that the DBA molecule has only one adsorption configuration on Au(111) (see Fig. 1(a)
and (b)), even though the weak vdW adsorption characteristics of DBA/Au(111) were examined by means of
STS and vdW-DF calculations. Based on the precisely determined adsorption geometry of DBA/Au(111), the



vdW-DF calculation results imply that even a very small
contribution of the orbital interaction at the organic-metal
interface can constrain adsorption structure even for the
weak vdW adsorption (see Fig. 1(c)). The importance of
orbital interaction involved in the adsorption of a n-CHC
molecule on Au(111) emerges as a clear correlation
between the relative stabilities of local minimum
structures and their order of density of states (DOS)
broadening, which results from the weak electronic
coupling of the molecular n-state with the Au d state.

In conclusion, our combined study using
STM/STS and vdW-DF

comprehensive description of the interfacial geometric

calculations provides a
and electronic structures of the n-CHC molecule adsorbed
on the noble Au surface at the single-molecule level,
specifically selecting the well-designed system of

DBA/Au(111) for this purpose. Our observations of the
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Figure 1. (a) STM image of isolated DBA molecule
on Au(l11) obtained by spatially varying the
tunneling conditions (top and bottom: Vs = -2 mV, |;
= 9.0 nA, Scale bar (S) = 1.5 nm; middle: Vs =-500

weak vdW adsorption system clearly indicate that a n-
CHC molecule

mV, It = 04 nA). (b) Optimized structure of
DBA/Au(111) by vdW-DF calculation (C, blue; H,
grey; Au, yellow). (c) PDOS diagrams for the
occupied m-states (C 2pz), the HOMO and the doubly
degenerated HOMO-1 states, of DBA/Au(111), with
the 5d,zand 6spstates of Au(111).

can have a specific adsorption
configuration, even on the noble Au surface. Based on the
precisely  determined  adsorption
DBA/Au(111), the vdW-DF

improved knowledge of orbital interactions at the

geometry  of
calculations provide

interface between a n-CHC molecule and the Au(111) surface. Such interfacial orbital interaction originates
from the weak electronic coupling between the molecular n-state and the electronic states of the Au surface,
which can play a decisive role in constraining adsorption geometry even in the archetypal vdW adsorption
system. Our study provides not only deeper insight into the formation of interfacial electronic structures at
organic-metal contacts beyond the vdW scheme, but also new perspectives to organic electronics using n-CHC

molecules on the Au surface.
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Functionalization of Graphene Grown on Metal Substrate with Atomic Oxygen:

Enolate vs. Epoxide
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Functionalization of graphene has attracted great scientific interest not only in controlling the physical
properties of graphene, such as opening band gap to achieve semiconducting nature, but also in improving
chemical adaptability to integrate graphene as a building block into a variety of functional devices. Due to the
great simplicity of atomic species, atomic functionalization on the basal plane of graphene with covalent bonds
has been considered one of the promising ways to maximize the utilizability of graphene [1], in which hydrogen,
fluorine and oxygen have been extensively studied as a key species in order to induce symmetry breaking of
graphene composed of sp” hybridized carbons. In particular, atomic oxidation allows compositional
expandability through additional chemical reactions. At the limit of low coverage, whereas hydrogen or fluorine
makes a single covalent bond with carbon atom, i.e., ontop configuration, on the basal plane of a graphene sheet,
the attachment of atomic oxygen to graphene results in graphene epoxide, i.e., bridge configuration, in which
an oxygen atom covalently interacts with two adjacent carbon atoms. Other possibility except epoxy group on
the basal plane of graphene has been excluded, and thus it leads to the narrow choice of a chemical route not
only for further functionalization but also for the development of graphene-based catalysts.

Recently, using periodic density functional theory (DFT) calculations, we first suggested that the atomic
oxidation of graphene grown on a metal substrate results in the formation of graphene enolate, i.e., negatively
charged oxygen adsorbed at ontop position on its basal plane,
which is strikingly different from the formation of epoxy

groups on free-standing graphene and on graphite [2]. Whereas

the enolate is the transition state between two nearest epoxides
on graphene and on graphite, we revealed that the enolate
group forms on epitaxial graphene on a metal substrate exists

as a local minimum, and further becomes more stable than the

epoxide.

@ 0
® O
Figure 1. Simulated (4 % 4) supercell structures

Figure 1 shows the (4 x 4) supercell structures employed

in this study. Whereas free-standing graphene has only one ) )

for (a) free-standing graphene, (b) graphite, and
type of ontop site for the atomic oxidation on its basal plane

(c, d) graphene grown on Cu(l11) substrate.
(Figure 1a), there are two different ontop configurations (OT1 o )

Red and yellow dots indicate two different
and OT2, red and yellow dots, respectively), i.e., )

ontop configurations, OTl and OT2,
corresponding to the formation of graphene enolate, on

graphite (Figure 1b) and Gr/Cu(111) (Figure 1¢). The C atoms

adjacent to the oxidized C atom locate on ontop and hollow sites of underneath graphite or metal layers for OT1

respectively, for atomic O adsorbate.



and OT2, respectively. Bridge configurations (BR), i.e.,
corresponding to the formation of graphene epoxide, are all
identical in each system.

We examined the detailed potential energy surface for the
migration of O adsorbate between the ontop and bridge sites on
the graphene sheet. Figure 2 obviously shows the existence of
OT1 (and OT2) as a local minimum on the Gr/Cu(111).
Whereas the formation of BR is most favorable on both
graphene and graphite compared with the adsorption at ontop
sites (by ~0.9 eV), the adsorption site preference dramatically
changes on the epitaxial graphene grown on Cu(111)
substrates. On Gr/Cu(111), OT1 becomes more stable than BR
by 0.10 eV, although OT?2 is still less favorable than BR by 0.07
eV. These results imply that the interfacial interaction between
graphene and metal substrate is crucial in accounting for the
stability of O adsorbate.

Figure 3 shows the band diagrams of bare and OT1
Gr/Cu(111), and corresponding partial charge density plots at
K-point. Figure 3c,d shows the partial charge density for
degenerated electronic states at Dirac conical point, which
indicates that the C 2p states of graphene are isolated from the
electronic states of Cu(111). However, Figure 3f,g clearly
shows that the 2p states of C atoms strongly interact with 3d
states of underlying Cu atoms at the interface.

To summarize, our computational results strongly suggest
that the atomic oxidation of graphene grown on metal substrate
can provide an opportunity to extend graphene chemistry with
the newly suggested functional group, i.e., enolate, on the basal
plane of graphene. The interfacial interaction between

graphene and metal substrate plays a crucial role not only in

o~ 101 _ — Gr/Cu(111)!
2 | . == Graphene! e
— 038 \ ’
% N /
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o 044 » / 9
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Figure 2. Potential energy surfaces for the
oxygen migration between ontop (enolate) and
bridge (epoxide) sites on free-standing
graphene and Gr/Cu(111). The relative energy
was used in constructing a potential energy

surface

Figure 3. Band diagrams of (a) bare and (b) OT1
Gr/Cu(111). (c-h) The partial charge density
plots for selected electronic states at K, for

which energies are marked by black arrows in

(a) and (b).

the formation of enolate as a local minimum but also in stabilizing it over the epoxide. Our computational study

is expected to trigger experimental attempts to find the existence of graphene enolate on metal substrates and to

design new chemical pathways utilizing it.

[Reference]

1. J. E. Johns and M. C. Hersam, Acc. Chem. Res. 46, 77 (2013).
2. J.Jung, H. Lim, J. Oh, and Y. Kim, J. Am. Chem. Soc. 136, 8528 (2014).



A New Sulfur-Metal Complex on Cu(111)

Holly Walen,? Da-Jiang Liu,® Junepyo Oh,® Hyunseob Lim,>" J. W. Evans,>? Christine Aikens,®
Yousoo Kim,® and P. A. Thiel #>f

aDepartment of Chemistry, lowa State University, Ames, lowa 50011 USA
®Ames Laboratory of the USDOE, Ames, Iowa 50011 USA
°RIKEN Surface and Interface Science Laboratory, Wako, Saitama 351-0198, Japan
dDepartment of Physics & Astronomy, Iowa State University, Ames, lowa 50011 USA
“Kansas State University, Department of Chemistry, Manhattan, Kansas 66506 USA

fDepartment of Materials Science & Engineering, Iowa State University, Ames, Iowa 50011 USA

It has been proposed that metal-adsorbate complexes can greatly accelerate rearrangements of metal
nanostructures and surfaces. This issue is of importance for stability of catalysts or nanostructures, and has been
the subject of prolonged speculation given that the complexity of such systems typically precludes definitive
analysis." Nonetheless, evidence continues to accumulate supporting the presence of mobile complexes on
surfaces and, by implication, their role in metal transport. Adsorbates that form mobile surface complexes with
metals include hydrogen, oxygen, alkylsulfides, and—the subject of this study—sulfur. The soft metals Cu, Ag,
and Au, which are of great interest because of their catalytic and plasmonic properties, are expected to be
particularly susceptible to this effect.

We studied a S-Cu complex which we later identified as Cu,S3 on the Cu(111) surface using scanning
tunneling microscopy (STM). Experiments were performed with a low-temperature STM (Omicron) under
ultrahigh vacuum. Sulfur was exposed to the surface
from an electrochemical source, where S, is the
dominant species, while the sample was held at room
temperature. The sample temperature during deposition
is notable for promoting sulfur dissociation on the

surface. After deposition the sample was cooled to the

observation temperature, around 5 K. We report sulfur ﬂ é

coverage on the terraces rather than total sulfur h - :
FIG. 1. STM images of Cu2S; on Cu(111). a) Several CuzS3

coverage (which includes step decoration). ) )
hearts on the terrace at low sulfur coverage, inset: atomic

Figure 1 shows the heart-shaped Cu,S; clusters on . o
resolution of clean Cu(111). b)-d) Derivative images of the

a Cu(l11) terrace. They adopt three different ) )
three orientations of the hearts.
orientations, rotated by 120°, in equal abundance. These
orientations are such that the lobes of the heart align with three of the six close-packed directions of the Cu(111)
surface.

We have used density functional theory (DFT) to check whether this assignment is reasonable in terms of

stability, shape, orientation, and density. A variety of possible clusters, with optimized configurations, are



represented in Fig. 2. The chemical potential of S (us)
and the cluster diffusion barrier (Eq) appear at the top of
each panel. The Cu,S; complex in Fig. 2(a) has lower ps

(and lower formation energy) than any others we have

found.

c)-1.82(0.36) d)-1.82(0.34) e)-1.83(0.36)
-

Second, we have simulated the shape of the . ' 2

the data. Furthermore, the area of the simulated Cu,Ss FIG-. 2. (iu—S“clusters on Cu(111) with lowest_chetrnicai

complexes using the Tersoff-Hamman method. The

heart shape is evident for Cu,S; and is compatible with

. 2 . .
complex is 0.40-0.42 nm”, in good agreement with the potentials. Values of us are given in eV. Diffusion barriers,

: 2
experimental result (0.39 + 0.04 nm®). Eq, are given in parentheses, also in eV. White circles

Thlrd’ to assess orientation, consider the two Cu,S; represent Cu adatoms, small yellow are S adatoms, and gray

complexes shown in Fig‘ 2(a-b). Both can have 3 are Cu atoms in the Cu(111) surface. Panels (a) and (b) are

energetically-equivalent orientations. Considering the  gifrorent configurations of CusSs, () is CusSs, (d) CuSa, and
pair of Cu atoms as a one-dimensional step edge, one S () CuSs.

atom lies along an A-step, and the others (comprising the

lobes) are along a B-step. This is exactly the experimental observation. In short, the stability of complex (a) can
be rationalized by the presence of one S atom in a p4th site, whereas (b) has none.

Finally, we examined Cu»S; role in copper mass transport and compared to the complexes shown in Fig 2,
as well as the Cu adatom. As previously mentioned, the formation of the Cu,S3 is lower than the other complexes,
as well as the Cu adatom. The diffusion energy for this complex is also the lowest of these complexes. Both of
these factors suggest that the Cu,S; complex is responsible for mass transport in this system.

In summary, the predominant S-induced features on the Cu(111) terraces, at very low S coverages, are
heart-shaped protrusions. DFT supports their assignment as Cu,S; clusters. These clusters are always oriented
in a way that allows one S atom in the cluster to bond at a p4th site. This is different than any type of metal-

sulfur surface complex observed previously, to our knowledge. Kinetic analysis shows that Cu,S3 is an important

species for mass transport in this system.
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Electron injection from the tip of a scanning tunneling microscope into a p-type GaAs(110) surface has

been used to induce luminescence. Atomically-resolved photon maps revealed a significant reduction in

luminescence intensity at surface states localized near Ga atoms. Quantitative analysis based on first principles

calculations and a rate equation approach was performed to describe the perspective of electron energy

dissipation at the surface. Our study reveals that non-radiative recombination through the surface states is a

dominant process for the electron energy dissipation at the surface, which is suggestive of the fast scattering of

injected electrons into the surface states.

Energy dissipation of electrons, such as
recombination and scattering, plays a significant role in
current  electronic  technologies. In particular,
recombination at surfaces is one of the principal
processes responsible for reducing the operational
efficiency of  (opto)electronic  devices and
(photo)catalytic systems. However, thus far, it has not
been feasible to obtain quantitative information about
surface recombination at the atomic-scale, mainly
because of technical limitations.

We investigated energy dissipation at a p-type
GaAs(110)

scanning tunneling luminescence (STL) spectroscopy

surface with atomic-resolution using

(Fig. 1(a)). The experimental data were theoretically
analyzed using first principles calculations and a rate
equation approach.

Figure 1(b) shows STL spectra measured at

various sample voltages and a photoluminescence (PL)

(a) (b)

Photon

STL intensity (cps)
RNSUNUL PIZI[EULION

135 14 145 1.5
. Photon energy (eV)
e Electron  © Hole

(d) Photon Map

(c) STM

I

FIG. 1 (a) A schematic drawing of STL measurement of p-

doped GaAs. Luminescence inside the bulk is induced by
electron injection with an STM tip. (b) STL spectra at various
voltages and PL spectrum measured on the same sample. (c) An
atomically resolved STM image and (d) an STL photon map of
GaAs(110) (¥ = 1.8 V). A unit cell at identical positions is

shown (black: Ga, white: As).

spectrum as a reference. Luminescence in STL was observed only at positive sample bias voltages within a

range of | V5| <2V, and the spectrum shape does not depend on the bias voltage. The shape of the STL spectra

is almost identical to that of PL. Because the luminescence in PL occurs mainly inside the bulk, it is concluded

that the light emission in STL also occurs inside the bulk.



An atomically-resolved STM image and STL @ 1sE7NS9 o 2ok 100 m——Tont

photon map measured at a sample voltage of 1.8 V are

2
shown in Fig. 1(c) and (d). The atomic rows in the STM é“ 2 EI
image apparently run in the [001]. STL photon maps - i
show similar stripe-like patterns running in the [001] - &L
direction. However, opposite to the STM, which shows %: '20 [0 f”'n . ———
bright spots at Ga sites, dark spots were observed at Ga :'E: _,_%;? 10| Xpoint rr”l.’lllﬁ 5 &
sites in the photon map. %_%% 0 ";;-E;;-;“ wrtioe (o] o1] oG A

Local variation of the photon intensity in STL (Fig.

Ly . FIG. 2. (a) Band structure for GaAs(110) surface (red) and
1(d)) can be analyzed by considering local electron- @ (10) (red)

C . . . .. rojected bulk band structure (black). (b) Charge densities
injection into the electronic states distributed on the prol ( - ®) g

. Y, ;|? (i=T, X) were plotted as a function of the distance
GaAs(110) surface and dynamic processes of the ¥aal” € ) P

. . . from the surface. (c), (d) Charge densities |¥;;|?> (i=T,X
electrons at the surface. We investigated the electronic (€), (@) Charg ¥aal” € )

structure of GaAs(110) using density functional theory n a (110) plane.
(DFT) calculations. Figure 2(a) shows the band structure of the GaAs(110) surface, in which the bulk band
structure is also projected for comparison. Figures 2(b)-(d) show spatial distribution of charge densities of the
electronic states in the lowest unoccupied band at /- and X-points which dominantly contribute to electron
tunneling in our experimental condition. Figure 2(b) clearly displays that |¥;|? penetrates into the bulk
whereas |W; x|? is localized at the surface. Figure 2(c) shows a relatively uniform distribution of |¥; r|?on
the surface. In contrast, |W; x|? is strongly localized around the surface Ga atoms (Fig. 2(d)).

Next, we consider dynamics of the electrons injected into the surface states. We assume that electrons are
injected into either /- or X-points, and the radiative recombination takes place only at the /-point. It is
noteworthy that the bottoms of /- and X-valleys of the C; band are close in energy and the electrons can be
scattered between these valleys. By solving rate equations regarding the number of electron in /- and X-points,
we found that 99.99% of the electrons injected into the /-point are scattered into the X-point via T' = X
intervalley scattering, and 53% of the electron in X-point go through non-radiative recombination at the surface.

In conclusion, we have investigated electron energy dissipation at the p-type GaAs(110) surface based on
atomically resolved STL observations and theoretical analysis. Tunneling electrons injected into the surface
mainly undergo non-radiative recombination through the surface states localized near surface Ga atoms. The
key process should be the fast I' —» X intervalley scattering that prevents the injected electrons from penetrating
into the bulk conduction band, which suppresses the luminescence in the bulk. Microscopic analysis of carrier
injection, scattering and recombination processes with atomic spatial resolution would contribute to the
fundamental understanding of carrier dynamics and energy conversion at surfaces.
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Tuning the electronic structure of organic molecules in contact with metal substrates is essential to
achieve efficient charge transport in various organic devices. Ultrathin insulating films are useful in this regard
because they work as buffer layers. In addition to electronically decoupling adsorbates from metal substrates,
new dimensionality, i.e., thickness, enables to control surface properties such as work function' and chemical
reactivity”. There have been many reports on scanning tunneling microscopy/spectroscopy (STM/STS) studies
of organic molecules adsorbed on ultrathin insulating films, but correlation between film thickness and
electronic structures of adsorbates has not been clarified®. In this study, we investigated the electronic structure
of single metal-free phthalocyanine (H»Pc), which is a p-type n-conjugated molecule, adsorbed on ultrathin
NaCl films with various thickness on a Au(111) single crystal using low temperature STM/STS.

By depositing NaCl with the sample held at room temperature (RT), 1 and 2 ML (100)-terminated NaCl
islands were observed (Fig. 1a). After a subsequent sample anneal to about 100 °C, 4 ML NacCl islands as wide
as 100 nm* could be found (Fig. 1b). This enables us to use 1,
2, and 4 ML NaCl islands and bare Au(111) as substrates. HoPc
adsorbed on all substrates as a single isolated molecule (Fig.
Ic).

The d//dV spectrum of the molecule on each substrate (Fig.
2a ) shows two peaks whose origins are HOMO and quasi-
degenerated LUMO and LUMO+1 but the peak positions are
different by several hundred mV with the thickness of NaCl

) ) ) ) Fig.1 STM image obtained after NaCl
NaCl films, an energy diagram is useful since which refers o geposition (a), after annealing (b), and after

the vacuum level whereas the lateral axis of STS spectra refer ~ H2Pc deposition. (a), (b) ¥ =-2.0 V, I = 4
PA. (c) Vy=+13 V.[,=4pA

insulating films. Comparing molecular levels on different thick

to the Fermi levels of the substrates even though the work (a) (b) &

function of the substrates has thickness dependence. N\ onam AN A Lo
In order to determine the differences of the work function, ; A On2ML f\ .;.' o 'I

we measured dZ/dV spectra on 1, 2, 4 ML NaCl films (Fig. 2b). %’w\ %

The peaks pointed by arrows are the field emission resonances "‘J\M

whose energy shifts are related to the work function differences. 2 4 0 1 2 2 3 4 5 6 7 8
Sample Bias (V) Sample bias (V)

The averaged peak shifts of 1, 2 and 4 ML NaCl films from bare  Fig2(a) di/dV spectra of single H,Pc on

Au(111) are 0.95 eV, 0.72 eV and 0.80 eV respectively, ~Au(111),and 1,2, and 4 ML NaCl islands.
S . , (b) dZ/dV spectra measured on bare Au(111),
indicating the work function difference between them are 1,2, and 4 ML NaCl films.

several hundred meV and depend on the NaCl thickness.



We also take into account of the difference of potential drop  Tuple  Parameters used for the

within NaCl films with different thickness. It should be noted that calculation of potential drop. &l

. . .. dielectric constant, z: the distance
on insulating films STS peak positions of HOMO and LUMOs are  pepween the tip and the substrate, d: the

not equivalent to the molecular levels because of the potential drop —__thickness of the NaCl film.

cq- . £, z (pm d(pm
within the films because molecules exist on NaCl films. HOMO and (o) (pon)
1 ML 2.0 1032 288
LUMO levels at the zero bias (Enomo, Erumo) can be determined by 2 ML 32 841 576
subtracting V.o from their peak energies (Vuomo, Vivmo) in STS 4 ML 5.9 628 1152
spectra.
E (eV) i
Eromoumo = Viomorumo = Vaci |
Vnaci can be deduced by simple approximation, considering this 30 - 322 3] 2" Lumo
junction as a capacitor partially filled with a dielectric material. 0 : 4.1
. . . ’ - 4.41 443 44
From the formula in the field of classical electromagnetism, and the - = = = Center
result that applied bias (Vampie) 1s the sum of  Vivucrand Viae , Vivaci o 5.50
i - 575 574
is represented by the following equation. 60 | g3 - = HOMO
zey | =
d Z&r Au 1ML 2ML 4ML

sample

Vnact = =%V =——
NacCl 1_’_% sample d+ze,

Fig. 3 the energy diagram of
HyPc/NaCl/Au(111). The Ilevels of

) ) LUMO, HOMO and the center of
From these equations, Erunmo and Ernomo were calculated using the HOMO and LUMO are shown.

Here, ¢, i1s relative dielectric constant of the dielectric material.

parameters shown in Tablel.

With the deduced values of work function differences and potential drops within NaCl films, the
energy diagram was constructed (Fig. 3). From the diagram, mainly two obvious features were found: the
increase of the gap with the thickness and the alignment of the gap centers within the margin error. The gap
broadening is found in the previous studies on various kinds of molecule/metal systems using photo electron
spectroscopies. This phenomenon is explained as a result of coulomb interaction with an image charge. The
alignment of the gap suggests that the center is independent from the work function of the substrate, indicating
the controllability of the energy gap between molecular levels and Er, which is important for charge injection,
solely by the work function. The fact that the gap center on Au(111) did not align is the evidence that the rule
of the molecular level alignment on an ultrathin insulating film is totally different from those on a metal substrate.
While the molecular level alignment on Au(111) shows the coupling with the Fermi level, those on NaCl films
is explained by the model of the vacuum level alignment combined with image charge effect. These result
suggest Our results show two the most important aspect on the molecular electronic structure, HOMO-LUMO gap
size and the energy difference between the Fermi level of substrates and the levels of frontier orbitals, is tunable by
the thickness of insulating films and work functions of the substrates. Our results suggest one way to control of
molecular electronic structures with the thickness of buffer layers.
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Azobenzene is one of the most attractive candidates for molecular switches based on the difference in

conductance between cis- and trans- isomers. Although the cis-trans isomerization has been well studied on

photochromism, the isomerization pathway has not been clarified yet. Two proposed pathways of in-plane

inversion by bending NNC bond and out-of-plane rotation by torsion of two phenyl rings (Fig. 1) have been

controversial.}?

Scanning tunneling microscopy (STM) provides real-space
evidence of molecular motions and structure changes and has
been applied to investigating the isomerization of a single
azobenzene not only by imaging at single-molecule level but also
by inducing the isomerization with tunneling electrons from the
tip of an STM.*®

configuration depending on the isomerization pathways can be

If obvious different changes in molecular

directly visualized with the STM, the preferential pathway would
be clarified. Herein, we strategically designed and synthesized
an original azobenezene derivative with asymmetric functional
groups to make it easy to distinguish molecular configuration in
STM images for clarifying the isomerization pathway.

We investigated isomerization pathways of a single
4-isopropoxy-3’-methoxyazobenzene (IMA) (Fig. 1) molecule
adsorbed on Ag(111) surface with a cryogenic (5 K) ultra-high
vacuum STM (Omicron GmbH).
IMA isomers before and after injection of tunneling electrons
(Fig. 2a).
(cis-A and B) and the elongated molecules are two different

We observed four different
The compact molecules are two different cis-isomers
trans-isomers (trans-A and B). To confirm this assignment, we
calculated electrostatic potential (ESP) maps. The high negative
density of the ESP map for a molecule weakly adsorbed on a
metal surface often corresponds to protrusions in STM images
obtained at low voltages®, The ESP maps in Fig. 2b agree well

with the STM images in Fig. 2a. Right after vacuum deposition,
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isomerization pathways of
azobenzene derivatives. (1) inversion (CNN
bending) and (2) rotation (CNNC torsion).
Functional groups of IMA are X = OCHz and Y =
OCH(CHy),.

Figure 1  Two

cis-A cis-B trans-A trans-B

(b) cis-A crs B trans-A trans-B
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Figure 2 (a) STM images of four different
IMA-isomers superimposed with ball-and-stick
models as optimized in the gas phase. (b) ESP
maps of the same models in (b). STM images (c)
before and (d-f) after sequential injection of
tunneling electrons into the molecule in the white
dot circle in (c). The conditions of applied
voltage pulse [tip bias(Vt), tunneling current (It),
time ()] are [0.45V, 1.0 nA, 5sec], [1.6 V, 1.0 pA,
5 sec], and [0.5 V, 1.0 pA, 5 sec] for (d), (e) and
(f), respectively. All STM images were measured
at 0.1 Vand 0.1 nA. Scale bars are 0.5 nm in (a)
and 1.0 in (c-f), respectively.



two different cis-isomers were observed and 72% was cis-A and 28% was cis-B from total of 141 molecules.

To explore isomerization behavior of a single IMA, the STM tip was placed above the N=N bond of IMA and
tunneling electrons were injected. A cis-A molecule changed to cis-B (Fig. 2c—d) during applying pulse at >0.42
V and cis-B reverted to cis-A at >0.48 V. Therefore, although the reversible conformational changes between
cis-A and B were achieved, the isomerization from cis- to trans-IMA cannot be induced by vibrational excitation at
lower bias unlike the previous report.”

In contrast, under the higher bias, both cis-A and B isomerized to trans-A (Fig. 2d—¢) and cis-B isomerized to
trans-B. Bias dependencies of the reaction probability indicate the cis-A selectively isomerized to trans-A at ~1.5
V but the cis-B isomerized competitively to trans-A or B at ~1.5 V.  On the other hand, trans-A reverted to rather
cis-A than cis-B (Fig. 2e—f) at ~0.5 V, because the reaction barrier might be lower than that for isomerization from
trans-A to cis-B. Reversion from trans-B to cis-B was also achieved at ~1.5 V although the half of them was
broken. Therefore, the reversible isomerization of IMA was achieved by exciting molecules with tunneling

electrons. Isomerization from trans-B to cis-A and conformational changes between trans-A and B were not

observed. @ o P
Since cis-trans isomerization should occur via the in-plane inversion or 'ig}&, = 1

the out-of-plane rotation, we can determine a preferential pathway by R

comparing the molecular structures from the geometrical viewpoint. From > rd

the STM images, trans-A has elongated structure which results from increase f _-;r”\ A

in the CNNC bond angle of cis-A. This means the isomerization pathway > _

from cis-A to trans-A is inversion and vice versa. In contrast, two functional e,

groups of trans-B are located at opposite sides across the azobenzene body, (b) o e .

which would be possible only by rotation around the N=N bond of cis-B. ‘; _— !{w%;m ation (’*

Thus, the reversible isomerization between cis-B and trans-B is based on :f'ug \%-

rotation. The suppression of the isomerization between cis-A and trans-B

would be due to steric hindrance between two functional groups during ____;_.xm/,_,%__

rotation.  Thus, the rotation pathway is forbidden for cis-A. As g: \ oA s AL

summarized in the potential energy surface in Fig. 3, only the inversion ) \,\?fi\ / ;:}E:

pathway is allowed for cis-A and trans-A, but on the other hand, both Rem:::u,mnate

. . d rotati th titive f is-B. Theref Figure 3 Schematic illustrations for the
inversion and rotation pathways are competitive for cis-B. erefore, We somerization pathways and the potential

concluded that the isomerization pathway is different depending on the initial €nergy diagrams.
structure of the molecules.

In conclusion, we have clarified the isomerization pathways of IMA molecules on Ag(111) as the structure
changes observed with STM at single-molecule level. The IMA molecules on Ag(111) have two stable cis
structures (cis-A and B) and reversible isomerization between cis- and trans-IMA was achieved by injecting
tunneling electrons.  The isomerization mechanism is different depending on the initial structure of the molecules.

These findings would give a guide to design azobenzene derivatives for the development of molecular switches.

[References] 1) H. Rau, E Liiddecke, J. Am. Chem. Soc. 1982, 104, 1616. 2) J. Henzl, et. al, Angew. Chem. Int. Ed. 2006, 45, 603.
3) B.-Y. Choi, €t. al, Phys. Rev. Lett. 2006, 96, 156106.



Lattice-Contraction-Induced Moiré Patterns in Direction-Controlled Epitaxial
Graphene on Cu(111)
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Surface and Interface Science Laboratory, RIKEN

We demonstrated the direction-selective growth of
epitaxial graphene (EG) on Cu(111) for the first time. Our
results imply that the synthesis of EGs with a
unidirectional orientation on Cu surface is also feasible,
although Cu has been well-known as a weakly interacting
metal with graphene. We also developed a novel method
to analyze various Moiré patterns induced by lattice e PN Graphene

contraction in EGs even with a unidirectional orientation.

Chemical vapor deposition on a Cu surface is one of
the feasible methods for industrial applications, because ‘ i cu111)
large-area monolayer graphene film can be achieved. -

However, grain boundaries- and wrinkle-formation in the Figure 1. (a) Large area STM image of EGs. (b) STM

graphene film are known to reduce the electrical image of Moiré pattern corresponding to red-dotted
performance of graphene. One of the ideal methods to rectangle in Figure 1a. () STM image corresponding to
achieve the uniform graphene films with high quality is red-dotted rectangle in Figure 1b. (d) Atomically-
controlling orientations of each grain in graphene as an resolved STM image of the red-dotted rectangle in
identical direction. Nevertheless, the direction-controlled Figure 1c. The atomic arrangement of carbons atoms is
growth has never been realized on Cu surface because of depicted with white lines. (e and f) 2D FT images of (e)
the weak interaction between Cu and EG. Indeed, EG and (f) Cu(111), respectively.

previous STM studies only showed EGs with various R0

on Cu(111). [Gao et al., Nano Lett. 2010, 10, 3512-3516.]

This study describes the unidirectionally grown EGs by means of atomically-resolved STM imagingand the
analysis of Moiré patterns. Both STM images showing EG and Cu lattices together and the atomic-resolution
analysis of Moiré patterns revealed that the zigzag direction of EG edge is identical to the [110] direction of
Cu(111) (0 degrees of rotational angle (R6=0°)) (Figure 1(c and d)). Both Fourier-transformed (FT) images
obtained from EG and Cu(111) regions (Figure 1e and f, respectively) also show hexagonal spot patterns with
the same directions in a reciprocal space. Our observations, therefore, clearly reveal that the zigzag direction of
EG is well-matched with the symmetric (110) axes of the Cu(111) surface (RO = R0°) (Figure 1(e and f)). In
addition, we observed various Moir¢ patterns even with an identical rotational angle (all EGs in our experiments
are direction-controlled) (Figure 2), which cannot be explained by the conventional method with rotational

angle dependence. For understanding this observation, we considered the influence of “lattice contraction in



EG”, and suggested a novel analysis method utilizing a
correlation plot between the degree of EG lattice contraction
and the length of the corresponding Moiré patterns. For the
EGs on Cu(111) with R0°, Moiré superstructures can be
represented as Gr(n x n)/Cu(n’ x n’), indicating that the
Gret x#1).on Cu(10x10)

primitive unit cells of the Moiré superstructures are
composed of n X n and N’ x N’ unit cells of EG and the
Cu(111) surface, respectively. Then, Ly and Aagr/acr values
can be calculated (Lm™, Aag“®/ag) for all possible Moiré

superstructures generated by the given n and n’. Thus, Ly

3(1/nm}
—

3(1inm)
—

Figure 2. (2 and b) Atomicresolution STM and Aac,“?/ag for each Gr(n x n)/Cu(n’ x n’) can be obtained

images of Moiré patterns with (a) 7.02 nm and (b) by using Equation (3) and (4).

2.58 nm of Lu. In those STM images, (a) 29 and AaGI,Ca]/aGr:]_ - (n - _k) aculnacr (k =n 'H; n+ .k], j,’jnteger) (3)

(b) 11 of benzene rings are counted between the

. ) LyCa = n ac:(1 - Aac:C acy)
closest two Moiré spots. (c and d) 2D FT images “ “ “

from STM images in Figure 2a and 2b,

respectively. Inset 1image in Figure 2c¢ Cal

Figure 3 shows a correlation plot of Lm® versus

corresponding to the small yellow rectangle at the Aaercal Jaer (or AaGrcaI) for k=1, 2 and 3, in the region of

center of Figure 2c. Aagr/ac: from 0 to 6% (See Supporting Information for the
detailed evaluation methods). The influence of Ilattice
contraction on Moir¢é patterns with identical RO® was also investigated to explain various types of Moiré patterns

Cal

observed in our EGs by using a correlation plot between Ly“ and Aag,“*/ac:. This approach is not only reliable

for our observations, but also useful in determining the precise atomic scale structure of EG on the other surfaces.

These atomic scale studies would accelerate fundamental studies for a better understanding of the
interactions between graphene and a metal surface, as well as the practical development of a synthetic method

for higher quality graphene films on Cu surfaces.

Adg, (A) Figure 3. A correlation plot of all plausible Ly versus
100.000 0.048 0.096 0.144
s . . | k=3 (n%3) Aaciac: values depending on the nand kvalues, when
£ 843 ROIESTSTVCUSSAT p =0 (R0°). Ly and Aac,# ac: values for 2a and 2b
£ 2am —_:. fmt " . "
% 6. GriziaC2rery @ _k=2(n#2) are marked with red-filled rectangles, and L%
1':_, ., . - . values for 3a, 3b and 3c are plotted by black dotted
\E i 3c " . . k=1 .
S A R lines. Several Ly and Aac:C%ac values of (Grn x
= Gr(16x16)/Cu(15x15) " i , . .
2 2p" T n)/Culn’ x n)) corresponding to experimentally-
Gr{11x11)/Cu{10x10)
0 2 a 6 observed Moiré patterns are indicated by blue arrows

Aaglag, (%)

for convenient understanding.

*This work has been published in Adv. Mater. Interfaces 1 (2014) 1300080



Structurally-Driven One Dimensional Electron Confinement in Sub-5-nm
Graphene Nanowrinkles

Hyunseob Lim and Yousoo Kim

Surface and Interface Science Laboratory, RIKEN

Graphene-based carbon materials such as fullerenes, carbon nanotubes, and graphenes have distinct and
unique electronic properties that depend on their dimensionality and geometric structures. Graphene wrinkles
with pseudo one-dimensional (1D) structures have been observed in a graphene sheet. However, their 1D
electronic properties have never been observed because of their large widths. We demonstrate the unique
electronic structure of graphene nanowrinkles (GNW) in a graphene sheet grown on Ni(111), the width of which
was small enough (less than 5 nm) to cause 1D electron confinement. Use of spatially resolved, scanning
tunneling spectroscopy revealed band-gap opening and a 1D van Hove singularity in the GNW, as well as the
chemical potential distribution across the GNW. Our demonstration of 1D electron confinement in a graphene
creates the novel possibility of controlling its electronic properties not by chemical modification but by
“mechanical structuring in a controlled manner”.

Epitaxial graphene (EG) with GNWSs was synthesized by dissociating acetylene on a clean Ni(111)

surface. The rapid cooling process is necessarily required, which is the most critical step to
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Figure 1. a—¢, STM images of EG on Ni(111). a, Original image, (inset) graphene lattice on pEG region. b, Recolored
image showing GNWs with orange color. ¢, 3D STM image of the EG and GNWs. d, Height profile along the white
dashed arrow in b. Red triangles and blue triangles indicate the GNWs on the terrace of the Ni(111) surface and at step
edges of the Ni(111) substrate, respectively. e,f, High-resolution STM images with different scanning conditions. e,
(top and bottom) Vs =1V and Ir= 1 nA, (center) V, = 0.05 V and Ir= | nA. Orange arrows indicate the C_h) direction
identified in g, and white hexagonal patterns indicate the carbon atoms. f, Vi = 0.05 V and If = 6 nA. g,h, Schematic

drawings g to clarify the meaning of the parameters used to specify the structure of the GNWs and h, for the (9,2) GNW

observed in e and f.



synthesize GNWs. Most of the GNWs

were observed in the region where the a  GNW
. . . — PEG
terrace width of the underlying Ni surface —_ (111)

was as short as several tens of

nanometers (Fig. la—c). These GNWs

di/dV(a.u.)

have been recolored with orange in Fig.

1b, and a line profile along the white

arrow in Fig. 1b is plotted in Fig. 1d, 2 A 0 1 2
which shows that the GNWs on the Sample bias (V)

('ne)Ap/IP

terrace have larger widths and lower
heights than the GNWs at the step edges.
The electronic structures of GNWs

Figure 2. a, STS spectra on (gray line) bare Ni(111), (blue line) flat
graphene, and (red line) GNW. The symbols above the peaks indicate
(green diamond) v2, (green triangle) vi, (orange triangle) ¢1 (from
located on the terraces of the underlying conduction band), and (orange diamond) c2. b, dI/dV mapping images

Ni(111) were investigated by scanning Gy obtained at Vs = (i) ~0.5 V, (i) 0.2 V, (iif) 0.01 V, (iv) 0.2
tunneling spectroscopy (STS) and dI/dV V. and (v) 0.6 V

mapping. The dI/dV spectrum measured

on the GNW (red line in Fig. 2a) by STS included four strong peaks, vi and vz for the valence band
side, and c1 and cz for the conduction band side, the indication being that there were discrete electronic
states in the local density of states (LDOS). There was no evidence of such discrete electronic states
on the pEG area (blue line in Fig. 2a). The Dirac point was not clearly apparent, even on the pEG
area, because chemisorption on a Ni substrate strongly perturbs the electronic structure of graphene.
The dI/dV image revealed the spatial distribution of the LDOS. The dI/dV images were obtained at
various Vs voltages, including the voltages at peak positions [Vs = -0.6 V (v1) and 0.5 V (c1)] and
between v1 and ¢l (Vs =—-0.2, 0.01, and 0.2 V) as well. At the peak positions, the measured dI/dV
intensities, which are indicative of the LDOS, were higher on the GNW area than on the pEG area.
In contrast, lower LDOSs were observed on the GNW at Vs values in the energy gap between vi and
c1 (AEy); this behavior is similar to the “band-gap opening” feature of a single-walled CNT (SWCNT).
These discrete states in LDOS have never been observed in the STS previously performed on other
graphene wrinkles. To examine the plausibility of the other possible mechanism, 1D electron
confinement, we investigated the width dependence of 1D electron confinement. It is apparent that
AEg values decreased with increasing widths of the GNWSs, but vHS peaks were not observed in GNWs
with widths greater than 3.5 nm. We therefore suggest that 1D electron confinement is the most likely

explanation for the unique states in GNWs.

*This work has been submitted to Nature Nanotechnology (under review process).



Lateral hopping of a CO on Ag(110) by multiple overtone excitation
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Junepyo Oh!, Hyunseob Lim
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P
3Division of Nano and New Functional Materials Science, University of Toyama, Japan
y y P
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Center for Multidimensional Carbon Materials, Institute of Basic Science, Korea.

The vibrational excitation of adsorbate on metal surface has been extensively studied as a fundamental step
of various surface dynamic phenomena [1,2]. Vibration-mediated molecular dynamic behaviors on solid surface,
involving molecular motion and reaction, can be induced by inelastic electron tunneling (IET) process with a
scanning tunneling microscope (STM). Action spectroscopy with STM (STM-AS) [3] reveals vibrational
energies of a single molecule based on the dynamic response, such as hopping, rotation, desorption and chemical
reaction, to the excitation energy of inelastically tunneled electrons from the STM tip. In this study, we have
investigated the lateral hopping motion of a CO molecule adsorbed on Ag(110) surface by using STM-AS
method. The mobility of CO molecules adsorbed on Ag(110) surface was reported by Ho et al. [4], but there are
no experimental report about the dynamics of CO on Ag(110) surface. Herein, we have investigated the lateral
hopping motion of a CO molecule adsorbed on Ag(110) surface by using STM-AS method to clarify the
hopping .mechanism experimentally.

STM-AS measurements were then carried out for vibrationally-induced hopping motion of CO molecules
on Ag(110). The hopping yield Y(V) and rate R(l) were estimated from the current traces as function of V and I,

respectively. Action spectra reveal that Y(V) provides sample bias voltages corresponding to the active

vibrational modes responsible for molecular hopping 10 WC-0)

motion [3,5]. R(l) exhibits a power-law dependence on | Sk

H
DI
b

and reaction order n, R(l) o< " [6-8], and thus describes

that how many electrons are required for an event. FIG. 1

o
(=)
=

shows the action spectra obtained with a tunneling current
0of 20 nA (@), and 1 nA (A). The action spectra exhibit a

novel feature for the vibrationally-induced hopping

o
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black arrows). The observed threshold energies are Sample bias voltage [mV]

FIG. 1. Action spectra for lateral hopping of a CO
molecule as a function of V. The inset shows the
overtone value of V(M-C), and v(C-O), respectively. The  hopping rate (Rop) of a CO molecule as a function of

| for the sample bias voltages, 90 (A), 140 (o), 180
current dependence of the R(I) was then measured as  (A), and 280 mV (e).

—
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Hopping yield [e ]

-
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motion of CO molecules on Ag(110), in which the drastic

increases of Y(V) were observed at four threshold

—
[}

surprisingly well-matched with the first, second, third



presented in the inset of FIG. 1. The estimated reaction \ @) (b)
orders n are 2.96, 1.73, 0.84, and 0.97 for the sample 1;\ A 1\{c) J 1
bias voltages, 90, 140, 180, and 280 mV, respectively. ‘4\ N 4 =
FIG. 2 shows a schematic diagram for the hopping 3\ AA / E
=
mechanism through multi-step excitations of overtone 2 \ A // E
modes of V(M-C), in which energy scale and ladder- 1 A =
climbing excitation features are described based on the L= 0\\/£= 32meV )
experimentally obtained vibrational energy and Reaction coordinate

_ _ FIG. 2. Schematic representation of vibrational
reaction orders. The detailed hopping mechanism can  excitations of multiple overtone modes originated from
metal-molecule stretching mode, V(M-C), 32 meV: (a)

be expressed as follows: (a) triple-step excitation of first, (b) second, and (c) fourth overtone modes.

first overtone, 2v(M-C), for 64 mV <V <96 mV, (b)

double-step excitation of second overtone, 3v(M-C), for 96 mV <V, < 160 mV, and (c) single-step excitation of
fourth overtone, 5v(M-C), for 160 mV <V, <261 mV, respectively. These excited vibrational energies transfer
to the RC mode (HT mode) by anharmonic coupling process [9], and finally CO overcomes the energy barrier
(eg) for lateral hopping motion. The eg can be estimated as 128 meV < gg < 160 meV from FIG. 2.

In conclusion, we investigated the lateral hopping mechanism of individual CO molecules adsorbed on
Ag(110) surface using action spectroscopy with low-temperature STM. We found that lateral hopping motion
of'a CO can be induced not only by the excitation of v(C-O) mode but also by vibrational excitations of several
overtone modes of V(M-C), especially including higher overtone modes. To the best of our knowledge, our result
is the first observation on the molecular motion induced by vibrational excitations of multiple overtone modes.
Our results not only open a new opportunity to utilize higher overtone modes of adsorbate for triggering
elementary process of surface chemistry but also stimulate further spectroscopic and theoretical investigation
to gain the deep insight into underlying surface dynamics, such as energy transfer mechanism and the influence

of substrate, leading to efficient excitations of multiple overtone modes.

References
[1]1 J. T. Yates and T. E. Madey, Vibrational spectroscopy of molecules on surfaces (Plenum Press, 1987).
[2] H. Ueba, S. G. Tikhodeev, and B. J. Persson, in Current-Driven Phenomena in Nanoelectronics,
edited by T. Seideman (Pan Stanford Publishing, 2010).
[3] Y. Sainoo, Y. Kim, T. Okawa, T. Komeda, H. Shigekawa, and M. Kawai, Phys. Rev. Lett. 95, 246102
(2005).
4] H. J. Lee and W. Ho, Science 286, 1719 (1999).
5] K. Motobayashi, Y. Kim, H. Ueba, and M. Kawai, Phys. Rev. Lett. 105, 076101 (2010).
6] Y. Kim, T. Komeda, and M. Kawai, Phys. Rev. Lett. 89, 126104 (2002).
7] J. 1. Pascual, N. Lorente, Z. Song, H. Conrad, and H.-P. Rust, Nature 423, 525 (2003).
8] B. C. Stipe, M. A. Rezaei, and W. Ho, Science 279, 1907 (1998).
]

[
[
[
[
[
[9] T. Komeda, Y. Kim, M. Kawai, B. N. J. Persson, and H. Ueba, Science 295, 2055 (2002).



Observation of bond weakening during photodesorption

-SFG/STM studies of CO-RuTPP/Cu(110)

Takuma Omiya,'? Heike Arnolds,> Rasmita Raval,? and Yousoo Kim'

ISurface and Interface Science Laboratory, RIKEN 2Surface Science Research Centre, University of Liverpool

Desorption is one of the most fundamental surface dynamics, its mechanism is still in debate.
Conventionally, laser desorption has been studied by two pulse correlation measurement (2PC), simply detect
desorption products by mass spectrometer. 2PC allows us to study how long does desorption takes after first
pulse arrives, but no detail information about before desorption. After 2000, sum frequency generation
spectroscopy (SFG) has been utilized to study contribution of vibrational excitation. Several groups proposed
that frustrated rotational modes are crucial to realize desorption [1-3]. Their claims are based on transient
redshift of C-O stretch mode on metal surface, which generally means CO-metal bond gets stronger, an opposite
of desorption. This counterintuitive results guide us to a question, either only FR mode appear in frequency shift
or other mode (CO-metal bond) also contributes but not able to see due to the larger effect by FR. Moreover,
we are not sure that mechanism of laser driven desorption is same with thermal desorption. Thermal desorption
can be explained by electronic friction model, on the other hand, laser desorption is thought to be occurred by
DIET model, desorption induced by electronic transition. Is there any vibrational excitation in DIET process as
well?

For the deeper understand of desorption mechanism, we chose a unique molecular system, namely, CO on
ruthenium tetraphenyl porphyrin(RuTPP) on Cu(110) surface. The porphyrin molecule is introduced to facilitate
electronic transition, which expects to induce photodesorption and direct coupling between hot electron and 27*
of CO. Indeed, we found that facile laser desorption from CO-RuTPP/Cu(110) than CO/Cu(110) although CO-
RuTPP is thermally more stable. We first doubt that resonant electronic transition occurs, however, three
different frequencies namely 400nm, 532nm and 800nm pump beams shows similar desorption tendency. CW
laser cannot induce measureable photodesorption. Moreover, desorption rather depends on pump fluence, so the
cause likely due to the hot electrons. This is same with extensive studies of CO/metal surfaces, the question is
why CO-RuTPP shows much easier laser desorption.

Next, we studied electron-vibration coupling during photodesorption to
understand vibrational contribution for photodesorption. Figure 1 shows time - o
evolution of C-O stretch modes from CO/Cu(110) and CO-RuTPP/Cu(110).
CO/Cu(110) exhibits frequency shift up to -9cm™ just after pump beam arrives,

A CO/Cu(110) 13.5)/m?
¢ CO-RuTPP 9)/m?
® CO-RuTPP 13.5)/m?

frequency shift [cm?]
\ \

which is known to be driven by excitation of FR mode. Note that we do not see

any measurable CO desorption from Cu(110) in this experimental condition. In LA A A A

time delay [ps)

contrast, CO-RuTPP shows very different frequency shift. Under the low

Figure 1 Transient pump induced changes

fluence (= less desorption condition), we only see the slow and small redshift.

in CO internal stretch frequency.

This indicates that electronic contribution or FR coupling do not appear in CO-




RuTPP. At the high fluence, when laser desorption become measurable, we start to see the blueshift around time
zero. CO-Ru bond gets weaker. We observed similar blueshift with either 532nm or 800nm pump beam, and
degree of blueshift depends on fluence.

We further investigate the origin of this blue shift. There are five possible contributions, 1) direct or 2)
indirect electronic transition, 3) C-O or 4) CO-Ru vibrational excitation or 5) move to different adsorption site
as a metastable state. By looking at the spectra shape during pump probe, the spectra are nicely reproduced by
standard SFG equation. If hot electrons directly couples with CO 2r*, there is spectral distortion happens as
observed NO/Ir(111). Moreover, we do not see the significant intensity reduction as observed in the CO/Ru(001)
in desorption condition. This indicates that there is no long lived metastable state as proposed to desorption of
CO/metal. We also monitors high order transition of C-O stretch mode though vibrational hot band, but do not
see the significant intensity change during pump probe. Since we can eliminate four of five possibility,
vibrational coupling between C-O stretch mode and CO-Ru stretch mode is most likely the origin of blue shift.

Why CO-metal excitation happens effectively on RuTPP? Direct vibrational excitation may induce
desorption. To confirm this, we used scanning tunneling microscopy to perform action spectroscopy (STM-AS).
STM-AS can be used to determine responsible vibrational mode of surface motion including desorption.
Desorption probability against to applied voltage is plotted into figure 2-a, which indicates that low desorption
probability even at 1V. This indicates that electronic transition seems required for the CO desorption. To

understand electronic structure, we performed scanning tunneling spectroscopy

(a) .
(STS) as shown in figigure 2-b, which shows several peaks after CO adsorptionto ¢ .
g ~11 _| * ¢
RuTPP. This can be originated from ligand induced state. In the liquid phase, CO 5 "° S o e
s *
desorption from CO-RuTPP is known to trigger via (d,2n*) transition. This '§‘° .
transition can be accessed from higher energy transition via thermal relaxation. This ~ *10™ 4’
transition can alone explain the higher photodesorption probability, but no direct o 12 1a 1
sample vias /V
relation with blue shift, since we have not observed distortion of SF spectra during (b) —c:mcu
. . . . —RuTPP
pump probe. So, we believe that during thermal relaxation process from higher —_CO-RuTPP

dl/dV Sa.u.

energy electronic transition, excitation of M mode occurs to induce blueshift of C-
O stretch mode. A
AR n

In summary, we have observed CO desorption and blueshift of C-O stretch 1 1
-10 -05 00 05 10 15

mode during laser irradiation. The phenomena is likely driven the (d,27*) transition voltage

together with M mode excitation though the thermal relaxation from electronic A . .
Figure 2 (a) desorption probability

transition. We report the first observation of bond weakening during photodesorption | = .= .~ 110)

through the vibrational spectroscopy, and realize that even in the DIET process, against to sample vias. (b) dUdV

vibrational excitation can occur. .
spectra. Measurement is performed

at 5K.
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Supramolecular assembly through interactions between molecular dipoles and

alkali metal ions
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Establishing a way to fabricate well-ordered molecular structures is a necessary step towards advancement
in organic optoelectronic devices. In this study, we revealed that the use of interactions between electric dipoles
of molecules and alkali metal ions enables the formation of a well-developed homogeneous monolayer of
diarylethene (DAE) molecules on the Cu(111) surface with the aid of NaCl co-deposition [1]. DAE has an
intrinsic dipole resulting from its unique structure. It is well-known for its photochromism and thus switching
properties as well as optoelectronic and optomechanical applications have been intensively studied.
Homogeneous monolayers composed of DAE have so far been achieved by designing and synthesizing modified
DAE molecules such as thiolated DAE for self-assembled monolayer. However, the strong intermolecular
coupling may hamper control of the switching state of such individual molecules.

We used a simple DAE molecule -called 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-
hexafluoro-1-cyclopentene (FIG. 1) on the Cu(111) surface. Deposition of the closed-form isomer of DAE on
the Cu(111) surface with pre-adsorbed NaCl islands
under ultra-high vacuum lead to randomly distributed
adsorption of the molecules on Cu(111). After

annealing the sample at ~360 K, well-ordered

molecular films, which are composed of linear

molecular rows, appeared on Cu terraces (FIG. 2a).  gG, 1. Structure of the closed-form DAE used in this
The same superstructure was also formed from g4y and the orientation of molecular dipole moment.
deposition of the open-form isomers because the
open-form isomer transforms into the closed-form
isomer on Cu(111) using the thermal energy
provided during annealing process. The stabilities
of the two isomers are reversed on Cu(l11)
compared to that in solution [2]. Post-deposition of

NaCl also results in the formation of the same

structure, which strongly indicates the necessity of

FIG. 2. a STM image (80 x 80 nm?; -2 V, 50 pA) of closed-

Na, Cl, or both for superstructure formation. To ) )

form DAE deposited at room temperature on Cu(111) with
confirm this, we performed XPS experiments for
two samples, i.e., NaCl/Cu(111) and DAE

+NaCl/Cu(111). The results indicate that Na bonds

pre-deposited NaCl islands followed by annealing at 85 °C.
b Enlarged STM image (9 x 9 nm? +1 V, 30 pA) with

superstructure model.



to DAE and Cl disappears from the
surface because of the penetration into
the bulk.

Analysis of enlarged STM images
allowed us to construct a model for the
molecular superstructure (FIG 2b).
Based on it, periodic DFT calculations
were carried out in order to gain insight

into the formation of the DAE

superstructure on Cu(111); we focused
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FIG. 3. Top and side views of the DFT-optimized DAE row structure

the molecular film. FIG 3a and 3b show
th t stabl timized structures f

© Most stable optimized structures ot without (a) and with (b) Na. C: gray, H: white, F: pink; S: orange;
the molecular rows without and with Na*

Na: green; Cu: blue.

ions between neighboring DAE

molecules, respectively. In the absence of Na" ions, two sulfur atoms of the DAE molecule interact mainly with
the Cu substrate; this is also accompanied by van der Waals interactions between the phenyl rings and substrate.
Thus, the DAE molecules should be oriented in the upright adsorption configuration. In contrast, when Na" ions
are inserted between neighboring DAE molecules, the adsorption orientation in the molecular row is
significantly altered, in which the Na" ions adsorbed on Cu(111) strongly interact with two fluorine atoms of
DAE and thus draw the electronegative part of the DAE molecule closer to the substrate.

To obtain a proof of ionization of Na on the Cu(111) surface, we also extracted the charge density difference
maps for the molecular row without and with Na. Depletion of the charge around Na, where its net charge is +0.77e,
were found. Calculated density of states also shows Na 3s states being located in empty states away from the Fermi
level. The ion—dipole interactions along the axis of the molecular row also compensate for the reduced interfacial
interaction between the DAE molecules and the Cu(111) substrate.

In conclusion, we demonstrated the formation of a well-ordered superstructure of photochromic
diarylethene molecules on Cu(111) by means of vacuum evaporation of either isomer with NaCl co-deposition
followed by mild annealing. Na" incorporation is evident from a comparison of experimental STM images with
DFT calculations. The key to the superstructure formation with anisotropic geometric configuration, i.e., the
formation of a linear row structure, is suggested to be cation—molecular dipole interactions. Our results
demonstrate a potential strategy to utilize alkali metal co-deposition to simultaneously control electronic

properties and tune intermolecular interactions.
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Thermally activated transition from 1D to 2D superstructure:
Squaric acid on Au(111)

Kan Ueji'?, Jung Jaehoon!, Junepyo Oh!, Kazuo Miyamura?, Kim Yousoo'

!Surface and Interface Science Laboratory, RIKEN
2Department of Chemistry, Faculty of Science, Tokyo University of Science

Polymorphs have at least two types of unit cells. Although they contain the same molecules,
polymorphs with different unit cells exhibit different physical properties. Therefore, polymorphic transitions of
molecular assemblies on solid surfaces have attracted great interest for applications in the development of
organic-based functional devices. Polymorphic transitions of supramolecular assemblies at liquid—solid
interfaces have been extensively studied so far. ') However, the use of ultrahigh-vacuum (UHV) conditions
provides a different approach for fabricating “solvent-free molecular assemblies” and controlling their
morphology and physical properties. Studying polymorphic transitions under UHV conditions, which take place
without solvents and are based on molecule—substrate interactions, intermolecular interactions, or both, are
important for gaining fundamental insights into the underlying mechanisms involved. Although the structural
versatility afforded by such polymorphic transitions are important for designing molecular assemblies that serve
as building blocks for device miniaturization, to the best of our knowledge, there have been only a few reports
on polymorphic transitions under UHV conditions with focus on the dimensionality of molecular assemblies on
solid surfaces, such as changing the surface coverage. ¥

In order to achieve polymorphic transitions with dimensional variation induced solely by thermal
annealing, we herein employ squaric acid (H2SQ) as a prototype system. H,SQ molecule has a layered structure
with hydrogen bonding. The electrical properties of H2SQ have been reported to be strongly associated with the
thermally induced phase transitions, both in the molecular crystal * as well as thin film P states.

r T

The results of the present study indicate that the

H>SQ molecules formed two types of superstructures on
Au(111). A narrow 1D ribbon structure was observed
after depositing the H>SQ molecules onto Au(111) at

room temperature. Subsequent thermal annealing without

additional deposition of H,SQ molecules resulted in a
Fig. 1 STM images of (left) as-deposited 1D

_ ribbon and (right) 2D carpet H>SQ
carpet superstructure. The 1D ribbon was long and  gyperstructure obtained after annealing. Inset

narrow, whereas the 2D carpet was a nearly square island ~ images are at molecular resolution.

polymorphic transition of the 1D ribbon structure to a 2D

that was several thousand square nanometers in size. The

STM images of both the 1D ribbon and the 2D carpet structures indicated that they grew on large terraces
without isolated molecules and small clusters, implying that there is sufficient energy for diffusion at room
temperature and the H,SQ molecules experience strong intermolecular interactions. Consequently, the

polymorphic transition from the 1D ribbon to the 2D carpet structure may be strongly associated with



intermolecular interactions. In order to prove this hypothesis, molecularly resolved STM images of the ribbon
and carpet with Au (resolved on an atomic-scale) were acquired. The images indicated no clear periodic
coincidence of the molecular arrangement of the 1D ribbon and 2D carpet structures with the Au lattice,
implying incommensurate molecular arrangements for both 1D and 2D structures on Au(111). Additionally, the
experimental observations indicated that the polymorphic transitions induced by thermal annealing resulted in
a change in the unit cell morphologies and dimensionalities of the molecular superstructures, on the basis of the
variations in the present intermolecular interactions determined by the unit cell parameter.

To interpret the experimental results obtained by STM, we carried out extensive periodic density

functional theory calculations with a variety of molecular arrangements using the DFT-D2 method, which allows

full consideration of the intermolecular interactions ;
KR Arfdd
> {

including van der Waals forces. The calculations { " Gl ik
il . { B l’ B r.

revealed that the first and second most stable >_‘I¥ ?)_I: )‘( ).'_( ‘}"l‘ :{/'b‘ ::1‘ ::‘:_

superstructures have an energy difference of 0.12 eV per } 2 a‘_: \ 2 ..«i sl AL ;q.{
N-- — - .

H>SQ molecule and the calculated unit cell parameters

\ \
1 1 !

. \ ‘\I \ - i nvi‘ et A‘({:
for these superstructures show good agreement with the )_‘;{---';-. e = 8 }_i  idl B Gl
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o

experimental values for 2D carpet and 1D ribbon, . o
Fig. 2 Optimized superstructure of (left) 1D

respectively. Therefore, the polymorphic transition from  ivbon and (right) 2D carpet. Dotted lines
the 1D to 2D superstructure by thermal annealing indicate the unit cells.

observed in our STM experiments can be clearly
described as a thermodynamic process. Interestingly, the component molecules of the 1D ribbon and 2D carpet
structures have different isomers depending on the relative position of the two hydrogen atoms. The less stable
1D structure compared to the 2D structure consists only of ZZ isomers, which are more stable than EZ isomers.
On the other hand, after annealing, the 2D structure is composed of only EZ isomers. These results indicate that
different driving forces induce the formation of the two superstructures. While the initial formation of the 1D
superstructure at room temperature is determined by the relative monomeric stability of the H,SQ isomers in
the gas phase, the polymorphic transition from the 1D to the 2D superstructure by annealing can be explained
by a change in the overall stabilization mechanism, from the stability of individual monomers to the stability of
the assembled structure.

In summary, we achieved thermally activated dimensional control via polymorphic transition of a
H>SQ molecular assembly on Au(111) under UHV conditions. The 1D and 2D molecular arrangements achieved

depend on the stability of the conformational isomers and assembled structures. [*!
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Laterally confined dynamics of a bridge-adsorbed CO on Pt(111)
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Chemisorption of an adsorbate converts all degrees of freedom into vibrational degree of freedom, and
dynamic processes of the adsorbate on a surface is described with potential energy surface (PES) in terms of
one of the vibrational modes, namely reaction coordinate (RC) modes. Inelastically tunneling
electron-induced processes such as lateral hopping, rotation and intramolecular switching also have been
described with PES that categorized with the shape and the repetitiveness.” Still most cases are limited to the
process of a single molecule free of any intermolecular interaction, and the role of intermolecular interaction
has been not investigated yet.

Here we report a surface dynamic process which is described with a novel type double well PES confined
inside a local molecular structure composed up of multiple molecules, by means of molecularly resolved
imaging and single-molecule spectroscopy using scanning tunneling microscopy(STM). CO adsorbed on
Pt(111), the text-book adsorption system, is well known for
primary ontop-site occupation with (\/3><\/3)R30° overlayer
structure (near 1/3 ML), followed by c(4x2) domain formation
that having one ontop CO (COr) and one bridge CO (COg) at 0.5
ML of surface coverage." In addition to revealed details of

o

45
gTT
1

coverage-dependent overlayer structures,” we found that the COg « Ontop CO
enclosed with four COr molecules(c(v3x2)rect unit, Figure 1a-b) * Bridge CO
is the stabilized form of COg over a wide range of surface C 08
coverage. Moreover, the COg shows fluctuation of tunneling

currents with increased sample bias voltage (Vs), where CO+ 0.6
molecules never changes the position nor shows any current

fluctuation in that Vs range. It was found that this fluctuation is §

due to lateral shuttling of COg onto adjacent ontop site(T)
confined inside the c(v3x2)rect unit, probed in two-level
telegraph-type current in the time trace obtained at the center of
c(v3x2)rect unit, with Vs = 227.5 meV/(Figure 1c).

Confinement of COg at the center of c(y3x2)rect unit, as well 0.0

. . . . . O.lOS U.llo 0.I15 0.20
as the shuttling motion of it can be described with PES scheme Time (s)

which includes the influence of intermolecular interaction. With Figure 1 a and b STM images of
c(¥3x2)rect unit, a with superimposed
model. ¢ the time trace obtained at 227.5
considering the shortest intermolecular distance confined in the mV with schematic model of COB
shuttling and a STM image with the
fluctuation.

assuming the fixed position of CO+ during the motion of COg and

c(¥3x2)rect unit, the intermolecular interaction imposed to the



COg with respect to the amount of displacement can be

estimated with a simple vector calculation. Resultant PES of the aEMo o e o

c(v3x2)rect unit constructed by linear combination of estimated E AR

intermolecular interaction and PES of an isolated CO is shown ~ £°% L

at Figure 2a, indicating that (a) the bridge site (B) is indeed E

stabilized than the adjacent ontop site due to the confinement, =Lo_oo. . . B . . T

and (b) the lateral shuttling of COg involves a metastable site ”‘f_‘::ﬁ‘;:’;z;B:’v‘)";h':ﬁf:n]:'i‘:::ﬁo:'ﬁ"“

(T*) which is distinguished from other COr, in terms of the b

position of minimum with respect to the Pt lattice and the _: ?f;;

potential energy. o f}%
Action spectra of this shuttling motion between B and T

site is obtained with time traces at various Vs, as shown in v 107

Figure 2b, with the result of numerical fitting to the established Ei ﬁfﬁ

model. The threshold at 229 and 252 mV for B->T* and T*->B £ wet 1 I { ,

hopping coincide to the vibrational energy of C-O internal = T

stretch (IS) mode of COg and COr, respectively. Thus, the - y

mechanism of this motion above the threshold is considered to //f

be anharmonic coupling of IS mode to the RC mode. Moreover, /’f

the estimated reaction constant of B->T* hopping fits into the 180 260 250 2:40 2'50 25';0 360

branching ratio with previously known parameters for COpg, Figure 2 a Cons‘:;rc(‘:;‘g PES for a

strongly supporting the anharmonic coupling scheme. c(y3x2)rect unit, b the action spectra for

Furthermore, the action spectrum of T*>B, which has B>T* (blue circle) and T*>B hopping
never been demonstrated nor measured, gives the first (ed square).
measurement of IS mode energy for a metastable COr«. The threshold at 252 mV implies possibly
distinguished vibrational energy of 1S mode for COq+, significantly differ from it of CO; (260 meV). Also,
half-order change in the motion yield at the threshold indicates the stronger contribution of lower energy
modes than IS mode for T*>B hopping, which is also reasonably explained with the suggested PES with
reduced energy barrier and stiffened RC mode energy for T* than them of T. The contribution of
intermolecular interaction is considered with action spectra taken at various surface coverages and the
residence time analysis. These quantitative analysis of the hopping motion of COB not only demonstrates the
intermolecular interaction-driven motion, but offers new opportunities to measure spectroscopic information

of previously unknown metastable state which can be resolved only with microscopic investigation.
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Surface morphology of atomic nitrogen on Pt(111)
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Knowledge of adsorbate structure is essential to understand the surface reaction mechanisms, which
provides basic understanding on the practical catalysis. Some of those reactions accompany the formation of
atomic adsorbates such as atomic oxygen (O), hydrogen (H) and nitrogen (N). However, comparing to
extensively-studied atomic H and O on Pt(111) surface, there are only limited number of studies for atomic N
due to difficulties in producing clean N layer. For the investigation of atomic N layers, oxydehydrogenation
reaction of ammonia with atomic oxygen(30(ad)+2NHj;(ad)>2N(ad)+3H,0O(g)) has been suggested to from
ordered overlayer of N,' characterized with low-energy electron diffraction (LEED) with two superstructures,
(2x2) and (v3x4/3)R30°.2

In this study we achieved well ordered overlayer of atomic N at different surface coverages, at the atomic
level with low temperature scanning tunneling microscopy (STM), by means of modified ammonia
oxydehydrogenation reaction (30,(ad)+4NHj(ad) = 4N(ad)+6H,0(g))(Figure 1a). The oxydehydrogenation
reaction was achieved by annealing NH3-O, covered surface to temperatures between 300 and 400 K, and
controlling the ratio of two gases, the amount of exposure and the annealing temperature resulted in the desired
overlayers with various compositions and coverages, including previously reported (2x2) and (y3x43)R30°
structures(Figure 1b).

If the exposures were high but the amount of ammonia was not enough to remove all the oxygen from the
surface, the annealing to 370 K resulted in a mixed N and O overlayer as shown in Figure 2a. Coadsorbed N
and O form a mixed (2x2)-N+O phase, as indicated with blue circle (N) and red circle (O), with almost constant
N:O ratio (0.56:0.44). Atom-resolved images with modified STM tip and the precise imaging of step edge
clearly revealed that both N and O atoms occupies the face-centered-cubit hollow sites. While both atoms appear
as depressions, the O atoms are deeper than the N atoms, which is in good agreement with theoretical
simulations.

Precise control of stoichiometry between ammonia and oxygen gives that pure N overlayers, from isolated

IE' (V3xV3)R30° oM a @i e
HO 24 A Mo B Aol
aBe 2 L 24t B Mgl B MMl B
SHOCE Y - o o o
NH Tv I NS _/ LB B
&jﬁ c'?"‘vo:'o's S g — A : © ° ° ° o ’ 0
%39 ’-ue%‘_-‘ %":;'oe Anneal to o o o ° o
b G . P > 300K o o o o o
0, “pt RN ENBNRNED p(2x2)
NHs—OZ/Pt(lll)
N/Pt(111)

Figure 1 (a) Schematic drawing of the oxydehydrogenation reaction for atomic N on Pt(111), and (b) representative

overlayer structures of atomic N, p(2x2) and (V3xV3)R30°.



molecules to (2x2) and (V3xy3)R30° phases. Isolated N atoms on Pt(111) appear as
depressions in the STM images at low coverages as shown in the left part of Figure
2b, which is differ from the dense N layer which appears in ordered overlayer
structures (right part of Fig. 2b and Figure 3c). This is attributed to the interference
effect between tunneling channels through overlapping orbitals at neighboring atoms.
Fully covered, dense N islands appeared in two phases, (2x2) (Fig. 3c) and
(V3x43)R30°(Figure 3d), which are consistent with previous LEED studies. The
determining factor for the ratio between (Y3xy3)R30° and (2x2) phase is the
annealing temperature, where (V3xy3)R30° phase dominates at lower (<360)
temperature while (2x2) phase dominates at T > 400 K. This is due to a N coverage
decrease associated with the onset of N»(g) desorption at 400 K, as well as the stability
of (2x2) phase over (¥3xy3)R30° structure. Detailed investigation of (2x2) phase
revealed that the there are two types of Pt atoms with different apparent heights, where
the more brighter Pt atom is in contact with N atom while less brighter Pt is not,
confirmed with STM images at various sample bias voltage. For higher-coverage
(V3x43)R30° structure shows uniform hexagonal lattice, with only one type of Pt
atom. Most of the defects in the N overlayer are at the boundaries between the two
phases or at the boundaries between domains of the same phase. Within a domain the
defect density is as low as 0.8%, while domain sizes as big as 20 nm x 20 nm were
observed.

The establishment of the conditions for preparing pure and well-ordered layers
of nitrogen on Pt(111), and the determination of the exact structure of these layers at
the atomic level, paves the way for future studies by both experimental and theoretical
methods of the reactivity of nitrogen with other adsorbed atoms and molecules as a
way to establish mechanisms of surface chemical reactions that are of relevance to

important problems in heterogeneous catalysis.
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Figure 2 Various phase
of overlayer structures
obtained: (a) mixed
(2x2)-N+0, () low-
coverage N, (c) p(2x2)-
N and (d) (V3xV3)R30°
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Block Lanczos Density-Matrix Renormalization Group Method
for General Magnetic Impurity Models
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Magnetic impurity problems in molecular systems
include a wide range of complexes. The typical examples
are the emergence of magnetic moment in adatom such as
hydrogen and oxygen absorbed onto graphene, and the
spin state of transition metal ion in metalloprotein such as
an iron ion in myoglobin. The origin of magnetism is due
to Coulomb interactions among electrons and thus these
molecular systems are considered as typical strongly -

(b) m=2
m=3

correlated electronic systems. The magnetic impurity

problems in solid materials, known as the Kondo problem,
. . =1, [F2, [=3, [=4, [=5, I=6,
have been studied over 50 years in the filed of condensed

matter physics. During the course of these studies, many
theoretical approaches have been developed, including
approximate analytical methods, analytically exact
solutions for several special cases, and numerical methods
such as numerical renormalization group (NRG) method.
Specially, the NRG method has played a major roll on

understanding the Kondo effect in solids. However, these

Fig.l: A magnetic impurity model with three
magnetic impurities (a) is mapped exactly onto
an effective three-leg ladder model (b) by the BL
transformation. The three impurity sites
(indicated by red circles with arrows) located
separately in real space are transferred onto the
three sites on the left most rung in the resulting
ladder thus the

model, and Coulomb

interactions on the impurity sites remain local.

approaches are not enough to address the magnetic

problems in the molecular systems, for example, to resolve the magnetic moment distribution around the
magnetic impurity in real space and to understand the spin multiplet effects. To overcome these difficulties,
we have been developing new numerical approaches for the magnetic impurity problems.

As one of the promising approaches, we have recently proposed block Lanczos density-matrix
renormalization group (BL-DMRG) method [1]. The density-matrix renormalization group (DMRG) method
was originally proposed in 1992 by S. White and since then it has been extensively employed to study
various strongly correlated quantum systems in condensed matter physics. However, the power of this
method is limited to one-dimensional (1D) systems and quasi 1D systems (i.e., a few leg ladder systems).
Therefore, the direct application of DMRG method to the impurity problems in two or three dimensions is
not realistic. Instead, we have shown that the block Lanczos (BL) transformation of any impurity models in
any spatial dimensions can be mapped onto effective 1D or quasi-1D models with the magnetic impurity
sites untouched, and thus the Coulomb interactions on the impurity sites remain local in the resulting
effective models (see Fig.1). After the BL transformation, we can safely apply the DMRG method to

examine the impurity properties.
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Fig.2: Spin correlation function Sj(r) between
the impurity site (rmp) and the conduction
sites (W can be calculated by taking the
impurity site and the conduction site for

interest as the initial BL bases in the

We have applied the BL-DMRG method to study the
impurity problem in graphene. The BL-DMRG method
allows us to calculate the spatial distribution of spins around
the magnetic impurity, which is sometimes problematic in
other numerical methods such as the NRG method. The
reason why the BL-DMRG can calculate these spatially
dependent quantities in real space is because when the BL
transformation is applied we can take the impurity site and
the conduction site for interest as the initial Lanczos bases so
that these two sites are isolated in the resulting two-leg ladder
model with the Coulomb interactions remaining local (see
Fig.2).

Figure 3 shows an example of the spin correlation
function Sj(r) between the impurity site (#imp) and the

conduction site (). It is noticed in Fig.3 that the impurity spin

BL-DMRG method at the center (indicated by a black circle) is screened by the

surrounding conduction electrons. To quantitatively understand the behavior, Fig.4 shows Si(r) as a function
of | r |. Comparing the results for the case with no magnetic impurity (denoted by red circles), it is clearly
observed that Si(r) behaves as |[r|* with a=3 in the asymptotic reason, instead of a=2 as in the case with no
magnetic impurity. This implies that the magnetic spin is not completely screened and thus no Kondo
effect occurs in this impurity model. The BL-DMRG method can also calculate dynamical quantities and
we find that the results for the local magnetic susceptibility and the local density of state at the Fermi level

are good qualitative agreement with the ones for Si(r), i.e., no

I Kondo screening.
10}
0
10 §¢ - T T T T T T T T T T T T T T
0% E \::\~ E
E ~. S< -2 E
y Of 3:3:3 10.2i X ‘\\:~\\\ Jrl E
TN = N S
S W
—10t =
10 =
I P U S S S A 6L [e— U/1=2.0 .
00 10 17 | un=0 TN
X U/t=6.0 E
Fig.3: Spin correlation function Si(r) 1()_8— ~— U/t=8.0 =
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conduction site. The magnetic impurity Il

is located at the center (indicated by a

black circle). The conduction site is located Fig.4: Spin correlation function Si(r) between the

at r=(xy) and the color difference indicates impurity site and the conduction site. U denotes the

Coulomb interaction on the impurity site. For

the value of Si(r) (red: positive, blue:

negative). comparison, Si(r) for the non-interacting limit is also

plotted by red circles.

[1] T. Shirakawa and S. Yunoki, Phys. Rev. B 90, 195109/1-21 (2014).
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