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

Electronic Sum Frequency Generation

Achintya Kundu, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

A biological membrane separates the cytoplasm and
cellular organelles from the exterior of the cell. The
interface pH at the biological membrane is crucial for
many biochemical processes such as ion transport,
adsorption of molecules, orientation of the membrane
proteins, and binding of therapeutic peptides and drugs.
Therefore, it is essentially important to know the
interface pH at the biological membrane.

To evaluate the interface pH and compare it with the
bulk pH, it is desirable to apply a common method to the
interface and the bulk. One of the most reliable methods
to determine the bulk pH is UV-visible absorption
spectrometry using a pH indicator. Because
interface-selective electronic spectroscopy has recently
become possible by heterodyne-detected electronic sum
frequency generation (HD-ESFG),' we are now able to
carry out quantitative pH spectrometry for the model
biological membrane (lipid/water interface) using the
same principle as used for UV-visible spectrometry of the
bulk pH (Figure 1). Here, we evaluate the interface pH at
charged lipid/water interfaces using HD-ESFG.?

To investigate the pH at lipid/water interfaces, we
chose a pH indicator, 4-heptadecyl-7-hydroxycoumarin
(HHC). Figure 2a shows the acid-base equilibrium of the
We two lipids
oppositely-charged head groups but the same acyl chain.

1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP)

pH indicator. used having

is used a cationic lipid, and an anionic lipid is
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol  (DPPG),
as shown in Figure 2b. The interfacial electronic
(second-order nonlinear optical susceptibility) spectra of
the pH indicator at charged lipid/water interfaces were
measured with HD-ESFG.

input
light

(a) C17H35

A
X
/©\)\AL — m *H
HO oo o oo

input lights sum frequency pp.ESFG

light

pH at a lipid
interface

transmitted
light .
UV-visible
| absorption

| bulk

bulk pH
Fig. 1 Schematic of a lipid interface and
bulk pH spectrometries. The pH at the
model membrane is evaluated with
HD-ESFG using the same principle as used

for UV-visible spectrometry of bulk pH.
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Fig. 2 (a) Acid-base equilibrium of the pH
indicator, HHC. (b) Chemical structure of
the two model lipids: DPPG (anionic) and
DPTAP (cationic).



Figure 3a and b shows the interface-selective 8510 _
Imy® and Rey® spectra of the pH indicator at the 366nm  (a)lmaginary Part
DPPG/water interface, respectively, for different % -6 Bulk pH
bulk pH’s. By analyzing the bulk-pH dependence of z 4 —o
the  spectra, the bulk pH at which [HA] = [A]is & — o8
determined to be 10.7. Generally, the pH is equal to @N -2
the pK, when [HA] = [A’]. However, this bulk pH at £ 0 st

which [HA] = [A7] is not the exact pK, of the pH 2 ' ' ' '
indicator at the DPPG/water interface, because the 5 (b) Real Part

| Bulk pH
pH is measured in the bulk. If we analyze the X(Z) | R

— 86

spectra against the interface pH, we can obtain the
exact pK,. Assuming that interfacial pH = bulk pH +
A, pK, is given as 10.7 + A.

The pK, is equal to the standard reaction Gibbs
energy of the reaction HA — H* + A~ divided by
RTIn10 (R is gas constant and T is temperature).
The standard reaction Gibbs energy is given as a
function of the effective relative dielectric constant
of the surrounding medium which can be estimated

Re[xm] (arb. units)
N O N A

340 3(!30 3i|30 4(|]0 450 440
®,+o, Wavelength (nm)

Fig. 3 (a) Imaginary and (b) real parts of the 5

spectra of the pH indicator at the DPPG/water

interface. Black, pink, green, blue, and red lines

by the solvatochromism of A™. The peak wavelength represent spectra obtained at bulk pH 8.6, 9.1.

@ - in Ei
of the Imy'“ spectrum of A™ in Figure 3a allows us to 10.2, 106, and 11.9, respectively.

estimate the effective relative dielectric constant of

the DPPG/water interface as 35. From this effective relative dielectric constant, the pK, of the pH
indicator at the DPPG/water interface is evaluated as 9.2. Because this pK, should be equal to 10.7 + A,
A is obtained as —1.5. This means that [H"] is significantly higher at the negatively charged lipid
interface. This result is readily rationalized by the attraction of the proton by the negatively-charged
head group of DPPG. In the same manner, A is determined to be +3.8 for the DPTAP/water interface.
This means that the [H'] is lower at the positively charged lipid interface. This can be attributed to
Coulomb repulsion of the proton by the positively-charged head group of DPTAP.

The present study clearly demonstrates that the pH at the charged lipid/water interface is
substantially different from the pH in the bulk. The observed pH difference is rationalized by the
electrostatic interaction between the charged head group and the proton. We used DPTAP and DPPG in
this study, but the obtained conclusion is general. The present study implies, if the biological membrane
is predominantly formed by cationic lipids, the interface pH at the membrane is expected to be higher
than that in the bulk. Oppositely, if the biological membrane is predominantly formed by anionic lipids,
the interface pH at the membrane is lower than that in the bulk.
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Orientational Distribution of Molecules at the Air/Water Interface Determined
by Polarization-Sensitive Second Harmonic Generation and Linear Reflection
Achintya Kundu, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

Molecules adsorbed at a liquid interface can have specific orientation because of anisotropy along
the interface normal. This specific orientation is chemically and biologically very important, because it
makes the reaction at a liquid interface different from that in the bulk and because biological interfaces
cannot show any physiological functions without specific orientation of adsorbed molecules. The
orientation of a molecule at a liquid interface is governed by the interaction between the solute molecule
and surrounding solvent molecules, which is a very complicated many-body problem. For example, the
hydrophobic and hydrophilic functional groups of interfacial molecules point upward to the air and
downward to the bulk water, respectively, which results in the orientational distribution with a finite
width.! However, the determination of the orientational distribution of molecules at liquid interfaces is
technically very difficult. Many groups applied polarization-sensitive second harmonic generation
(SHG) to molecules at liquid interfaces,? but SHG cannot provide sufficient information to determine
the orientational distribution. Here, we demonstrate that a combination of simple optical methods, i.e.,
polarization-sensitive SHG and linear reflection (LR), allows us to determine the orientational
distribution functions of surface-active molecules at the air/water interface.>

We choose coumarin 110 (C110, c110 Y PNA
Figure 1a), p-nitroaniline (PNA, Figure @) :\ ®)
1b), and N,N-diethyl-p-nitroaniline CzH5 ~ y

(DEPNA, Figure 1c) as surface-active (4.~ \r “’L OgNNHz

molecules. DEPNA is a typical

surface-active solute molecule with
hydrophilic and hydrophobic terminal

. (c) DEPNA (d) defination of ¢
functional groups. PNA has surface 7
activity despite its two hydrophilic z _ A H. interface
terminal functional groups. C110 has a J{ normal | g ~*
more complicated structure and less o air

Va - water

symmetry than the other two molecules.

Because of these different characteristics,
Fig. 1 Molecular structure of (a) C110, (b) PNA, and (c)

DEPNA with the definitions of the molecular axes. (d)
Definition of the tilt angle (9) between the transition dipole

these three surface-active molecules
provide prototypical cases for the

experimental ~examination of the

orientational distribution functions at the (molecular z axis) and the interface normal (laboratory Z

air/water interface. axis).
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The orientation is parameterized by 0 40 60 80 100 120 140 180

the tilt angle & of the Sy < Sy electronic 1 I L I T
transition dipole moment of each 15kF ;2;;? o_17°H
surface-active molecule with respect to — PNA
) ) L. = <@> =96°, ¢ =21°
the interface normal, as depicted in Figure @ —DEPNA
. .. N 0> =66°, ¢ =16°
1d. Polarization-sensitive SHG and LR E
measurements were done to study the E 1.0
orientational distribution of surface active ¢
(=]
molecules at the air/water interface. In §
polarization-sensitive SHG measurements, % 0.5
SHG intensity was measured as a function O
of an input polarization angle, which
allowed us to determine the tensor 0.0
. | | | | | | 1
elements of the second-order nonlinear 10 0.5 0.0 05 10

optical susceptibility of the interfacial cos o

molecules. Similarly, LR measurements  rjo 5 Orientational distribution functions for C110 (red),

allowed us to determine the ensor  pEpNA (green), and PNA (blue) at the air/water interface.
elements of the linear  optical

susceptibility of the interfacial molecules when the contribution from the bulk is negligible. From the
tensor elements of the linear and the nonlinear optical susceptibilities, we successfully determined the
ensemble average and the standard deviation of the tilt angle of the molecule at the air/water interface
under the assumption of a modified Gaussian function. The orientational distribution functions of the
surface-active molecules at the air/water interface were obtained from the ensemble average and
standard deviation. Figure 2 shows the orientational distribution functions of C110, PNA, and DEPNA.
These orientational distribution functions are so broad with a standard deviation ranging from 16° to 21°
that it cannot be approximated by the é-function.

The orientational distribution of PNA is substantially broader than DEPNA and C110. In the case of
PNA, the two terminal functional groups are both hydrophilic, and the surface activity of PNA is
attributed to the hydrophobicity of the phenyl ring. Thus, either terminal group can be an “anchor” for
the adsorption at the interface, which makes the orientation somewhat unstable and results in a broader
distribution with the up and down alignments similarly populated. In contrast, DEPNA and C110 are
typical surface active molecules having a pair of hydrophilic and hydrophobic terminal groups. Thus,
only the hydrophilic terminal group can act as an anchor, which makes up alignment stable and leads to
a narrower distribution. The present study allows us to elucidate how the orientational distribution at the
air/water interface is controlled by the position and hydrophilicity/hydrophobicity of the functional
group of the solute molecule.
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integration from 630 to 770 nm.
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The van der Waals adsorption of a single m-conjugated molecule on Au(111)

Jaehoon Jung, Ju-Hyung Kim, and Yousoo Kim

Surface and Interface Science Laboratory, RIKEN, Japan

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]. Indeed, n-CHC molecules and 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 T-CHC molecules on the noble Au(111) surface. Nevertheless, the detailed interfacial electronic
structures and precise adsorption geometries for the vdW adsorption process of a 1-CHC molecule onto the
noble metal surface at the atomic scale have not yet been clarified, because a variation in weak adsorption
energy corresponding to various molecular orientations has been considered too small to determine specific
adsorption configuration due to a shallow van der Waals (vdW) potential minimum.

Here we provide a first direct observation of adsorption geometry of a well-designed n-CHC molecule,
i.e., dehydrobenzo[12]annulene (DBA) [2], on Au(111) using an atomically-resolved STM study combined
with vdW density functional (vdW-DF) methodology. Based on the precisely determined adsorption geometry,
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 [3].

A detailed analysis of the surface-molecule interaction in the weak adsorption system requires precise
identification of adsorption geometry. Figure 1 show
high-resolution STM images of the isolated single DBA
molecule on the Au(111) surface, which clearly demonstrates
that the center of the DBA molecule resides in a hollow site in a
planar fashion similar to other #n-CHC molecules. The
adsorption geometry of DBA/Au(111) was accurately confirmed
by spatially varying the tunneling conditions in the vicinity of
the adsorbate at atomic resolution. The inset of Fig. 1 shows

mirror- symmetry axes in the molecular plane displaced from

the (112) surface axes, which results in reduced symmetry of

the DBA/Au(111) system from C;, to C;. Because all DBA - :
Fig. 1. STM image of isolated DBA

molecule on Au(111) obtained by

molecules have identical adsorption geometry and exhibit two
molecular orientations in enantiomorphous forms with respect
to the Au(111) surface, the two molecular orientations created spatially  varying  the  tunneling
conditions (top and bottom: Vi = -2 mV,
Lk = 9.0 nA, Scale bar (9 = 1.5 nm;

middle: Vi =-500 mV, % = 0.4 nA).

by the single adsorption event on the surface display
single-molecule chirality, i.e., single-molecule alignment breaks

the reflection symmetry axes of the surface.



Based on the experimental results, the periodic
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vdW-DF calculations were performed with the
optB86b-vdW functional implemented in the Vienna
Ab-initio Simulation Package (VASP) code. The

adsorption energy (E,) variance in response to

Potential Energy (eV)

horizontal rotation of the DBA molecule was calculated.

Figure 2(a) shows the calculated adsorption energies

corresponding to various molecular orientations rotated Rotational Angle ()

\ ©®C2p, 0)odd
A = = (a) Au 5d,
\ (8) C 2p,

\ (B) Au 5d,: =2

—_
o
-

by 5° increments with respect to a rotational symmetry

axis of the DBA molecule on Au(111), indicating two
non-equivalent local minima. The experimentally

observed adsorption structure (designated “o” and “a’;

. o PDOS (arbitrary unit)

g
=}

4
15 -1.0 05 00 = d
E-E;(eV) HOMO-1

o is the chiral structure of o) with C; symmetry is most

favorable with the highest E, of 2.74 eV, which is ) ) )
Fig. 2. (a) Potential energies due to the

followed by a second local minimum (designated “B”,  } izontal rotation of DBA on Au(111). ()
obtained by optimization) with Cs;, symmetry and an E, PDOS diagrams for the occupied m-states of

of 2.70 eV. Each projected DOS (PDOS) of the two Pothaand B local minima.

local minima (o and B) was investigated to clarify a correlation between the adsorption geometry and the
interfacial electronic structure of DBA/Au(111) as shown in Fig. 2(b). The first (~0.9 eV) and second (~—1.5
eV) peaks originating from the DBA molecule in the PDOS diagrams correspond to the highest occupied
molecular orbital (HOMO) and the doubly degenerated HOMO-1 states of DBA, respectively. We found that
the difference in adsorption strengths of the two local minima can originate from the degree of overlap
between the n-state of DBA and the 5d,2 state of the Au(111) surface, which leads to the n-state broadening
according to the Newns-Anderson scheme. As indicated in Fig. 2(b), both HOMO and HOMO-1 states of
DBA in o geometry are more overlapped with the 5d,z state of Au(111), compared to  geometry, which
strongly suggests that such weak electronic coupling between a n-CHC molecule and the Au(111) surface
contributes to constraining the adsorption structure, even for the weak vdW adsorption.

In summary, our observations of the weak vdW adsorption system clearly indicate that a i-CHC molecule
can have a specific adsorption configuration, even on the noble Au surface. Based on the precisely determined
adsorption geometry of DBA/Au(111), the vdW-DF calculations reveal that 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.
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Mode-selective electron-phonon coupling in laser photoemission on Cu(110)
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With improvements in energy resolution of photoemission spectroscopy, which is one of the most reliable
tools for determining electronic band structures, several signals originating from the electron-phonon interactions
have appeared in the spectrum apart from the vibrational progression structure in gas-phase experiments. Two
well-known examples are the “kink' structure around the Fermi wavenumber in the electronic band dispersion of
metallic and superconducting systems determined with angle resolved photoemission experiments [1] and the
linewidth broadening of the noble metal surface states as a function of temperature [2]. Both of them have been
described by the electron self-energy attributable to the electron-phonon coupling around the Fermi level (Eg).

Recently, a completely different manifestation of electron-phonon coupling, inelastically scattered
photoelectron by phonons, was observed in low-energy photoemission spectra. Fig. 1(a) shows laser photoemission
spectroscopy (LPES) results of Cu(110) [3], which we investigated in detail. In addition to the Fermi-Dirac
distribution curve originating from the elastic process, a single step structure appeared at 14.7 meV below Eg,
which implies that the detected photoelectrons lose their energy through coupling with particular phonon modes. In

our experiment, the photoelectrons were

emitted from the T point in the surface () (b)
Laser photosmission specira of Cu(110)
T=16K phonon

Ll)q e—

‘mM,VNEO
Eq(q) o~

Brillouin zone (SBZ), because photoemission

spectra were measured in the

E ald ] Vacuum level
. £
normal-emission geometry. Therefore, the : —asmoy
inelastic photoemission process is expected 2 Ja0ev Fermi level
z A Ev(@)
to be an indirect excitation process in which g 1 pitpe
E 05 1 4.869 eV
. 4.869 eV
electrons of wavevector q couple with e —gé‘égg
phonons of the same wavevector and scatter =iy 9 r
0.0 L 1 =502l
to the T point, as shown schematically in “ 0 ° ® k-space distance

Energy Relative to Ex ( meV)

Fig. 1(b). We investigate this indirect ) .
o ] o ] Fig. 1 (a) LPES of the clean Cu(110) surface excited by the laser
excitation process using ab-initio calculations .
photon from 4.571 to 5.021 eV. The sample temperature is 16 K.
which includes electron-phonon coupling o o o
(b) Schematic diagram of the indirect excitation in LPES.
calculations based on the density functional
perturbation theory (DFPT).
The electron-phonon coupling is the governing parameter in the inelastic scattering process. Fig. 2(a) shows
the electron-phonon coupling at the vacuum level (Ey) with 14.7 meV phonon energy on 16 irreducible points of a
6 X6 x 1 grid in SBZ. One would see that the electron-phonon coupling has minor value at every k-point
except for the Y point. The electron-phonon coupling spectrum as a function of the phonon energy should have a
main peak around 14.7 meV because the step appears at this energy in the LPES result.  As shown in Fig. 2(b), the

spectrum at the Y point contains a peak around 14.7 meV. Thus, we have judged that the inelastic signal in the



LPES result of Cu(110) originates from the indirect excitation process from the Y to the T' point.

An inspection of the phonon modes (b)

0.

around 15 meV at the Y point shows that
0.5
the phonon modes polarized along the
[110] direction exhibit high density of

states in the second and deeper layers, in

0.4

0.3]

0.2

0.1

electron-phonon coupling (meV)

spite of the low density of states in the .

0 5 10 15 20 25 30
phonon energy (meV)

topmost layer. Among them, we observe
that four modes polarized along the [110] . . .

o ) i Fig. 2 (a) Calculated electron-phonon coupling matrix element
direction with phonon energies of 13.45,

with a phonon energy of 14.7 meV, which induces
13.67, 14.63, and 14.83 meV have large

) photoelectron scattering from the k-point with wavevector g to
electron-phonon matrix elements and are the - ] _
) _ the T point. (b) Electron-phonon coupling spectrum at the Y
source of the main peak at the Y point in . .

] point as a function of the phonon energy.
Fig. 2(b). We found that these four modes
are subsurface phonons [4].

Subsurface phonons have recently been detected through Helium atom scattering (HAS) experiments. We
note here that the mechanism of the subsurface phonon excitation in HAS differs from that in LPES experiments,
which is elucidated in the following. Subsurface phonon excitation in HAS is due to the strong charge oscillation
at surfaces caused by the subsurface phonon mode [5], which is totally different from the LPES experiments. In
fact, the shear horizontal phonon modes that correspond to that polarized along the [110] direction in this study do
not contribute significantly in HAS, although they appeared in the LPES results. High resolution electron energy
loss spectroscopy (HREELS) experiments could be used to probe the subsurface phonon, because the electron in
the inelastic impact regime may be scattered by the atom core oscillation in the first few layers. However, the
14.7 meV loss has not been observed in the HREELS spectra. It would be extremely interesting to extract the
essences of the theory that predicts the inelastic photoemission by taking the difference between HREELS and
LPES into consideration. Although the exact origin of the difference between HREELS and LPES is not completely
clear, we have succeeded in demonstrating that the laser photoelectron excites the subsurface phonon; the current
results also indicate that the LPES experiments provide a novel means for the characterization of subsurface

phonons.
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A single-molecule shuttling between two adsorption sites under

intermolecular interaction : CO chemisorbed on Pt(111)

Hyun Jin Yang'?, Taketoshi Minato', Maki Kawai’ and Yousoo Kim'

'Surface and Interface Science Laboratory, RIKEN
*Department of Advanced Materials Science, The University of Tokyo

CO adsorbed on a metal surface has been extensively studied not only for the fundamental model
system but also practical importance such as catalysis. To understand this system, the important
characteristics are the adsorption energy and the adsorption site. Particularly interesting system is CO
on Pt(111) which involves a strong adsorption energy ~ 1.5 eV', and multiple adsorption site
according to the surface coverage. The adsorption energy difference (AE,.4) between two available
site, ontop and bridge site, has been determined to be 60 meV at low coverage limit’. At increased
coverage, AE,qs decreases to be zero, allowing complete ¢(4x2) domain with one to one adsorption
ratio between ontop and bridge site. Theoretical basis about the initial ontop site occupation and
gradual bridge-site occupation has been understood with the frame of potential energy surface(PES),
in terms of AE,4, diffusion barrier and the shape of PES between two sites.” The coverage-dependent
change of potential energy surface has been described by intermolecular interaction with the overlayer

structures (Figure 1a).
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Figure 1 (a) Coverage-dependent PES at low coverage limit (bottom) and ¢(4%2) domain(0.5 ML)(top).2

(b) Action spectrum of B-T* shuttling, measured on the bridge CO, with a threshold energy at 230 mV.
(c) Current dependency of B-T* shuttling which indicates one-electron process both at 240 mV and 220 mV .
In previous study we described the detailed overlayer structures according to the surface
coverage from isolated molecules to (V3xV3)R30° and ¢(4x2) domains.’ Our study revealed that (a)
bridge-site occupation accompanies a specific geometry c(V3x2)rect that is a unit cell structure of
¢(4x2) domain, and (b) the bridge CO and ontop CO consisting c(N3x2)rect have interaction each
other to modify the charge density of ontop CO at the frame. In addition to this interaction, the
dynamic behavior of bridge CO at the center of c(V3x2)rect unit, namely bridge-to-ontop shuttling,



has uncovered quantitatively through STM-action spectroscopy(Figure 1(b), in contrast to immobile

ontop CO.

As shown in Figure 1(b) inset, a bias pulse applied to the COr COg
bridge CO at the center of ¢(V3x2)rect unit shows two-level I-t curve, oo -03meV:  -5.0 meV?
that high current mode as T* state and low-current mode as B (bridge ;0 260 meV 230 meV
CO) as the topography in Figure 1(b) inset (right-bottom) indicates. p, 7 mev* 38 meV?2
The yield of B-T* shuttling events are elucidated as in Figure 1(b), ¢, 170 meV? 100 meV?>
with the threshold energy of 230 mV. This threshold energy p 10 10°®

corresponds to the C-O internal stretch mode of bridge CO(v(C-O)p).
Table 1 Parameters to estimate
branching ratio (P), the ratio of
electrons used in hopping process

The log-log plot of lateral hopping rate (Figure 1(c)) indicates this
shuttling motion is one-electron process.

The mechanism for lateral hopping has been indirect excitation, which the inelastically tunneling
v(C-0)B), and the

energy trnasfer between IS mode and low-frequency mode (i) which is the reaction coordinate

electron triggers the lateral hopping motion by exciting high-frquency mode (7€,

mode.’ Estimation of number ratio which can be used to this indirect excitation mechanism is given in
Table 1, clearly indicating much higher branching ratio for bridge CO than ontop CO. This is

consistent to the experimental result that only bridge CO shows lateral hopping with nearby ontop site.

This B-T* shuttling can be triggered also ~ 'E-0¢
by the injecting the electron onto the ontop CO

at the frame of c(V3x2)rect unit as shown Figure =5

2. The ontop CO at the c(\N3x2)rect unit undergo o

the height modification by B-T* hopping due to

Yield (1/e-)

bridge-ontop interaction as described in 1E-09

previous report. The action spectrum (Figure 2)

indicates the same threshold energy of 230 meV

which implies the tunneling electron injected to

the ontop excites the IS mode of bridge CO.
This result implies that the hybridization of

electronic states in c(V3x2)rect geometry, which

IE-10 !
200 220

240
Bias voltage(V)

260 280 300 320

Figure 2 Action spectrum measured on the bridge CO
of ¢(V3x2)rect unit (blue diamond), and measured on the
ontop CO at the frame of c(\V3x2)rect unit (red square).

allow the direct energy injection to bridge CO through ontop CO.
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Atomic-scale analysis of photon yield suppression induced by acceptors and a

surface state on p-type GaAs(110) using scanning tunneling luminescence

Hiroshi Imada,! Tomoko K. Shimizu,"" Naoki Yamamoto,” and Yousoo Kim'

'Surface and Interface Science Laboratory, RIKEN
’Department of Condensed Matter Physics, Tokyo Institute of Technology
T Current address: National Institute for Materials Science

Energy dissipation processes of electrons such as recombination, capture and scattering play significant

roles in energy conversion, transport and redistribution in various matters. Especially energy dissipation at

surfaces is an important technological issue because it largely influences the operation efficiency of

photovoltaics and photocatalysts. Although understanding of such surface processes is required, microscopic

and detailed information about energy dissipation occurring at surfaces has been notably limited.

We studied energy dissipation at a Zn-doped p-type GaAs(110) surface with atomic-resolution using

scanning tunneling luminescence (STL) spectroscopy.
Experiments were performed with a low-temperature
STM (Omicron) operating at 4.7 K under ultrahigh
vacuum (UHV). The STM stage was modified to be
equipped with two optical, which is schematically
illustrated in Fig. 1a.

Figure 1b shows STL spectra measured at
various sample voltages and a PL spectrum as a
reference. Luminescence in STL was observed only at
positive sample bias voltages within a range of |V <
2 V, 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.
The light emission arises from the recombination of
electrons at the conduction band (CB) minimum with
holes in the acceptor band (AB) just above the Fermi
level (see Fig. 2d).

An atomically-resolved STM image, dI/dV map
and STL photon map measured at a sample voltage
of 1.8 V are shown in Fig. 2a, b and c. The atomic
rows in the STM and dI/dV images apparently run in
the [001] direction and the stripe-like pattern running
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FIG. 1. a Schematic illustration of the STM head, which
is equipped with two optical lenses. b STL spectra at

various voltages and a PL spectrum.
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FIG. 2. a An atomically-resolved STM image, b a dI/dV
map and c an STL photon map of GaAs(110) (Vs = 1.8
V). A unit cell at identical positions is shown (black:
Ga, white: As). d Schematic energy diagram illustrating

the proposed process. Er: Fermi energy



in the [001] direction is considered as evidence of a

substantial contribution from the C3 to the tunneling [1].
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STL photon maps show similar stripe-like patterns

running in the [001] direction. However, opposite to the

STM image and the dl/dV map, which shows bright
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the photon map. The reduction in the emission intensity

proves the existence of non-radiative recombination at 05 1 15 2
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the surface. The photon map (Fig. 2¢) also shows that ) )
FIG. 3. a A wide area STM image and b an STL

selective hot-electron injection into the C3 state photon map of GaAs(110). (V. = 1.6 V, | =250 pA).

localized at Ga atoms weakens the photon intensity,

¢ Correlation between the apparent height in the

which reveals that electrons lose their energy in the C3 ) ) )
STM image and the photon intensity measured above

state with a detectable probability.
P Y the dopants. d dI/dV spectra measured above the

We also investigated energy dissipation around . .
dopants in the topmost three layers and in a

substitutional dopant atoms (Zng,) that lie in the
dopant-free (DF) area.

near-surface region. The apparent height of the dopants

also varies according to the z-location; the nearer the

dopant to the surface, the higher it is imaged. Figure 3b is an STL photon map measured in the same area as
the STM image Fig. 3a, revealing that photon intensity above a dopant has a strong correlation with the
apparent height in the STM image and hence with the layers in depth where the dopant locates as shown in
Fig. 3c; photon intensity decreases as the apparent height increases or the dopant locates closer to the surface.

The luminescence suppression observed here is explained by a mechanism based on the local electronic
state around the dopants, which has not been focused in the previous studies [2, 3]. As indicated by arrows in
Fig. 3d, a considerable amount of LDOS was observed within the intrinsic energy gap (0-1.51 V) at the
dopants, which increases as the dopants locate closer to the surface. Because electrons tunneling through these
in-gap states cannot induce luminescence, we attribute the suppression of photon emission to the increased
proportion of electrons captured by the dopants via tunneling through the in-gap states.

In conclusion, we clarified the roles of the C3 surface state and the Zn dopant atoms in energy dissipation
at the GaAs(110) surface using STL spectroscopy. The C3 surface state and the Zn dopant atoms both were
demonstrated to promote energy dissipation at the surface. Energy dissipation around the Zn dopants was
attributed to electron capture by tunneling through the in-gap state, which strongly depends on the depth from

the surface where the dopant atoms locate.
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Lattice-Contraction-Induced Moiré Patterns in Direction-Controlled Epitaxial
Graphene on Cu(111)

Hyunseob Lim, Jaehoon Jung, Hyun Jin Yang and Yousoo Kim

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 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
large-area monolayer graphene film can be achieved.
However, grain boundaries- and wrinkle-formation in
the graphene film are known to reduce the electrical
performance of graphene. One of the ideal methods to
achieve the uniform graphene films with high quality is
controlling orientations of each grain in graphene as an
identical direction. Nevertheless, the direction-controlled

[2] Graphene

1l Cu(111)

5(1/nm)
_——

L J
Figure 1. (a) Large area STM image of EGs. (b) STM
image of Moiré pattern corresponding to red-dotted
rectangle in Figure 1a. (¢c) STM image corresponding to
red-dotted rectangle in Figure 1b. (D
Atomically-resolved STM image of the red-dotted
rectangle in Figure lc. The atomic arrangement of
carbons atoms is depicted with white lines. (e and f) 2D
FT images of (e) EG and (f) Cu(111), respectively.

growth has never been realized on Cu surface because of the weak interaction between Cu and EG. Indeed,
previous STM studies only showed EGs with various RO on Cu(111). [Gao et al., Nano Lett. 2010, 10,

3512-3516.]

Gr{11 x11).on Cu(10x10)

. d
3(1/nm)
—

3(1/nm)
——

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

Figure 2. (a and b) Atomic-resolution STM images of
Moiré patterns with (a) 7.02 nm and (b) 2.58 nm of Ly In
those STM images, (a) 29 and (b) 11 of benzene rings are
counted between the closest two Moiré spots. (c and d) 2D
FT images from STM images in Figure 2a and 2b,
respectively. Inset image in Figure 2c corresponding to
the small yellow rectangle at the center of Figure 2c.



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(11l1) regions (Figure le 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 Moiré 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
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 Aag/ag, values can be calculated (LMC"", AaGrca'/aGr) for all

Cal

possible Moiré superstructures generated by the given n and n’. Thus, Ly"* and Aag,“*/ag, for each Gr(n x

n)/Cu(n’ x n’) can be obtained by using Equation (3) and (4).
Aac:C/ac-=1- (n- k) acu/nac:(k =n -n’, n# ki, 1’ integer) (3)

Ly =n ac,(1 - AacC ac)

Figure 3 shows a correlation plot of Ly versus Aag, (A)
cal cal ) 0.000 0.048 0.096 0.144
Aag, “lag, (or Aag, ™) for k = 1, 2 and 3, in the 10 : L
] ) . k=3 (n#3)
region of Aag/ag, from 0 to 6% (See Supporting _
) ) ) E R
Information for the detailed evaluation methods). £ 23 o "
. . . ., (29x29)/Cu(27x27) ™ k = 2 (n#2i,
The influence of lattice contraction on Moiré §, 6. CrmCuEDen =2 ez
patterns with identical RO° was also investigated to g 4l3c Ct e k=1 '
explain various types of Moiré patterns observed in = SrtxSNCEx1S) . P
our EGs by using a correlation plot between Ly 21 Gr{HxI)ICu(10x10)
and Aag“/ag. This approach is not only reliable 0 ' 2 ' 4 ' 6
. . .. o,
for our observations, but also useful in determining Aaglag, (%)

the precise atomic scale structure of EG on the Figure 3. A correlation plot of all plausible Ly versus
Aac/ac: values depending on the n and & values,

other surfaces. when p =0 (R0°). Ly®® and Aac#Plac values for 2a
and 2b are marked with red-filled rectangles, and
La#r values for 3a, 3b and 3c are plotted by black
fundamental studies for a better understanding of  dotted lines. Several Ly“ and Aac:“/ac values of
(Gn x n/Culn” x n)) corresponding to
experimentally-observed =~ Moiré  patterns are
surface, as well as the practical development of a  indicated by blue arrows for convenient
understanding.

These atomic scale studies would accelerate

the interactions between graphene and a metal

synthetic method for higher quality graphene films
on Cu surfaces.
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Thermal imaging of spin waves and heat conveyer effect

Toshu An?, Yousoo Kim?
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1. Introduction

The recent developments in the field of ‘spin caloritronics’ concerning new phenomena related to
coupling of spins with heat current in materials are attracting much attention [1]. Magnetization dynamics
such as magnetic domain-wall motion and ‘spin waves’: collective excitations of coupled spin systems in
magnetic lattices, draws attention to realize this coupling of heat and spins [2,3]. We studied, first, that spin
waves; standing spin waves, can be imaged by measuring temperature rise on the magnetic samples in
excitation of spin waves [4]. In general, spatial distributions of propagated spin waves are not uniform and
waves are pinned at the sample edge, forming standing spin waves; thus the imaging of these spatial
distributions is valuable for providing direct information in real space. This method provides information of
dissipative damping of magnet and is applicable to other spin energy-damping systems, such as traveling spin
waves, and magnon wave packets, thus realizing the nondestructive imaging of spin damping. Second, we
show that nonreciprocal spin waves in the range of microwave frequencies can convey energy unidirectionally
and emit heat at a sample end several millimeters away [5]. This unidirectional heat conveyer effect, based on
non-reciprocal propagation of surface spin waves, is applicable to the fabrication of a heat—flow controller.

2. Thermal imaging of spin waves

The thermal imaging of the standing spin waves of backward volume magnetostaic wave (BVMSW)
modes excited in a polycrystalline Y3;FesO;, sample (8 x 8 x 1 mm?®) was demonstrated using an infrared (IR)
camera (Fig. 1) [5]. Just after excitation of standing spin waves a wavy temperature distribution appears
before the temperature distribution on the sample is smoothed by heat conduction.
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Fig. 1 Thermal imaging of standing spin waves. (a) Sample temperature is monitored by infrared
(IR) camera in excitation of spin waves. (b) Absorption spectrum of standing spin-wave modes
(BVMSW) excited in a YsFes012 sample. (¢) Thermally imaged standing spin waves showing 4 (C) and
2 (D) anti nodes.



3. Unidirectional spin-wave heat conveyer

Surface spin waves were excited dominantly at the bottom surface by using inhomogeneous microwave
source in a polycrystalline (3.6 GHz, H = 630 Oe) Y3Fes0;, sample (diameter: 4mm, thickness: 0.4 mm), and
heat generation was observed at sample end by an IR camera (Fig. 2) [4]. This heat generation is due to
nonreciprocity of surface spin wave which propagates unidirectionally and cannot reflect back at the sample
end. By changing polarity of static magnetic field; propagation of surface wave is reversed, heat emission
from the other sample end is observed.

(a) F (b) surface spin-wave frequency 3.6 GHz

IR camera H i
SR .;-c.-\_r,:_\._

H : |
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Surface spin wave (bottom surface) T (K) T (K)

Fig.2  Unidirectional spin-wave heat conveyer (a) Heat is generated at sample end where the
surface spin wave at the bottom surface (dominantly excited) propagates. (b) Heat emission

observed by IR camera depending on static magnetic field polarity.

4. Summary

In this study, the thermal imaging was performed using an IR camera exciting spin waves in a
polycrystalline Y3FesO;, sample. First, standing spin wave of BVMSW modes was imaged proving its ability
to probe dissipative damping in magnet. Second, unidirectional spin wave heat conveyer effect, which
conveys spin-wave energy to remote place and converts into heat, was demonstrated.
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